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ABSTRACT 
INTEGRATED COMPUTATIONAL AND EXPERIMENTAL EVALUATION OF 
ELECTROMAGNETIC ENERGY-INDUCED SELF-HEALING PERFORMANCE 
OF ASPHALT COMPOSITES 
By Zigeng Wang 
        The objective of this doctoral research is to investigate the electromagnetic energy 
induced self-healing effect of modified asphalt mixture material by developing 
computational and experimental characterization tools. More than 90% of the 
pavements in United States are constructed by asphalt mixture. The durability of 
pavement decreased by distresses has significant impact on maintenance costs. The 
asphalt mixture has self-healing capability because the asphalt could flow and fill the 
microcracks if enough external energy can be transmitted to the asphalt mixture system. 
However, the self-healing capability of asphalt is limited based on the climatic 
condition and traffic volume. Therefore, it is necessary that a new method named 
electromagnetic-induced healing needs to be used to accelerate the self-healing process 
of the asphalt mixture. In this research, different materials were added into asphalt to 
produce the modified asphalt binder samples and modified asphalt mixture samples, 
including steel wool, carbon fiber, graphite flake and exfoliated graphite nanoplatelets 
(xGNP). Some relative asphalt binder tests were conducted to evaluate the performance 
of modified asphalt, including rotational viscosity, light absorbance, aging and thermal 
conductivity. Some other tests were employed to evaluate the performance of the 
asphalt mixture, including disk-shaped compact tension test, dynamic modulus test, 
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and rutting test. Three EM-induced healing approaches were utilized to investigate the 
induction healing effect of the asphalt mixture material, including the longwave 
radiation, visible/near-infrared light and microwave healing, respectively. In addition, a 
multi-phase triangle-shaped finite element bilinear cohesive zone model (CZM) was 
developed to simulate the fracture behavior of the original and strength recovered 
asphalt mixture samples during the cyclic fracture-induction healing tests. The digital 
image correlation (DIC) method was used to analyze the crack displacement variation 
of the fracture samples. The relative strain ratio was incorporated to determine the 
recovered fracture energy for the simulation model. The experimental results indicated 
that three added materials all could increase the healing effect of the asphalt mixture 
samples. The favorable numerical results compared with the experimental results 
indicated that the finite element bilinear CZM with defined crack path can be used to 
predict the recovered fracture strength after fracture-induction healing cycles. 
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
1.1 Executive summary 
        Crack is one of the main reasons of forming pavement distress. It can be generated 
by a lot of factors, for instance, temperature, traffic load and water. Highway loses its 
function with crack accumulation during the service life. Therefore, it is necessary to 
develop methods to reduce the cracking rate or even to heal the crack. In this study, 
steel wool fiber, carbon fiber, graphite (flake graphite and exfoliated graphite 
nanoplatelets (xGNP)) were mixed with asphalt and aggregates to make the mixture, 
respectively. Based on the Faraday’s law, the steel wool fibers which is metal generate 
electric current as long as in the electromagnetic (longwave radiation) field. Then 
temperature of the fiber increases due to the electric resistance described by the Joule 
effect. The asphalt in the mixture flows when its temperature rises up to a certain 
degree. The crack can be filled by the asphalt fluid partially or entirely which recover 
the mixture strength. The process described above is called induction healing. The 
carbon fibers modified asphalt mixture were heated by the microwave energy to heal 
the crack inside. In addition, the graphites modified asphalt mixture were heated by 
microwave and visible/near-infrared light to recover the strength of the asphalt mixture 
as well. The visible-near light and microwave were two types of electromagnetic wave. 
To sum up, the electromagnetic (EM) energy was utilized to accelerate the self-healing 
process of asphalt material. 
        The primary objective of this study is to investigate the damage-resistant asphalt 
composites with induction healing and to quantify the thermal-induced healing effects 
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through the integrated computational and experimental analysis. It can be divided into 
three sub-objectives: 1). Understand the mechanism of thermal-induced healing process 
by involving binder capillary flow through cracks; 2).Predict the asphalt mixture 
specimen cracking and healing process with micromechanical model by finite element 
method; 3). Validate the model and quantify the healing effects under a specially-
designed experimental procedure.  
        At the elevated temperatures, binder Capillary flow, behaving as Newtonian fluid 
is the main mechanism for the induction healing. A series of thermal, electrical and 
mechanical tests were conducted to evaluate the performance tests of the modified 
asphalt binder and mixture. Cohesive zone model with defined crack path was 
established to simulate the original and healed fracture behaviors of asphalt mixture 
based on finite element analysis. The cyclic fracture-healing tests were implemented to 
examine the healing performance of the samples. The results were employed as the 
input parameters to simulate fracture strength of healed samples. The comparison of 
the numerical results and experimental results indicated that the cohesive zone model 
with defined crack path could predict the fracture behavior of the asphalt mixture 
samples favorably. 
1.2. Introduction and background 
        Asphalt mixtures are used on the surface for over 94% of all pavement in United 
States [1]. It consists of asphalt, graded aggregates and air voids [2]. Mineral 
aggregates have a wide size distribution (from as large as 37.5 mm to as small as 
several microns), shapes (angularity and elongation), roughness, friction and other 
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characteristics[3]. The asphalt binder, regarded as a temperature-dependent material, 
behaves as viscoelastic solid at low temperature and viscous fluid at high temperature 
[4]. In addition, the air void has an important impact on the properties of asphalt 
mixtures, for instance, the moisture susceptibility, dynamic modulus, fatigue cracking 
and rutting [5, 6]. The mechanism of the appearance of many pavement distresses are 
believed that the microcracks are formed in the asphalt mixtures by traffic loads, 
temperature and improper construction, for example, the fatigue cracking, moisture 
damage and rutting issue. 
        Self-healing materials exist in nature widely [7]. They have the ability of repairing 
themselves when mechanical or thermal damage is induced and the healing procedure 
happens spontaneously and simultaneously [8]. It is well known that asphalt is one 
typical self-healing material which links to temperature and rest period [9, 10]. Thus, it 
can be classified as a thermal-related self-healing material. Many researchers have 
conducted a lot of tests to ascertain the mechanism of asphalt self-healing. Qiu et al. 
implemented a fracture-healing-re-fracture experiment to test the asphalt strength 
property during the fracture- healing process [11]. Shen introduced a methodology to 
quantify the healing using dissipated energy approach and dynamic shear rheometer 
(DSR) test [12]. The fatigue-healing behavior was studied from the DSR test. Castro 
established a distinct fatigue test with or without rest periods to study healing [13]. On 
the other hand, some computational simulation about the asphalt crack-healing 
procedure has been investigated such as [14, 15]. 
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      As mentioned above, asphalt is one type of self-healing material. If it can obtain 
enough energy and rest periods to make the asphalt molecules flow, the crack could be 
healed eventually. However, in situ field, there are many factors which would affect the 
asphalt self-healed process, such as, continuous traffic loads, severe temperature 
difference and drainage issue. Thus, the self-healing process and pavement distress 
happen simultaneously. As known, the speed of asphalt self-healing is not enough to 
improve the pavement distress timely. So, it is necessary to find a method to accelerate 
that process. The energy of electromagnetic wave is able to satisfy the requirements. 
Currently, the direct way to accelerate the self-healing process is to add some 
conductive components into the mixture, for instance, conductive graphite powders or 
steel wool. Based on this, when they are placed in the electromagnetic field, the 
additive could observe the EM energy. At the same time, the temperature of the added 
materials increases. The asphalt observing enough energy is capable of flowing 
through the micro-crack in the asphalt mixture. It was believed that the main 
mechanism of induction healing is capillary flow through air voids or cracks driven by 
the surface tension stress of the liquid asphalt [11, 16]. 
1.3 Literature review 
1.3.1 Performance tests of asphalt binder and mixture 
      The performance tests of asphalt binder usually include the rotational viscometer 
(RV), dynamic shear rheometer (DSR), rolling thin-film oven (RTFO), pressure aging 
vessel (PAV), direct tension tester (DTT), bending beam rheometer (BBR), ductility 
and so on. These tests are used to investigate the properties of asphalt binder. Many 
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researchers conducted a series of performance tests of asphalt binder. Akisetty et al. 
[17] found that the additives for the warm mix asphalt reduced the viscosity of the 
binder and the viscosity of rubberized binder with Aspha-min increased by using the 
rotational viscometer test. Bommavaram et al. [18] utilized the dynamic shear 
rheometer to estimate the parameters of the intrinsic healing function of asphalt binders 
in order to develop a predictive model. Xiao et al. [19] conducted a series of 
rheological characteristic tests, such as failure temperature, performance grade, creep 
and creep recovery, viscous flow and frequency and amplitude sweep, of the RTFO 
asphalt binders. Yu et al. [20] proposed that the ductility retention rate of the organo-
montmorillonite modified asphalt after PAV was higher than that of the pristine asphalt. 
You et al. [21] studied that nanoclay reduced the strain failure rate of the asphalt by 
DTT test. The BBR was conducted to investigate the creep tests of asphalt mixture 
beam by Velasquez [22]. The crumb rubber, as a modifier, could improve the low-
temperature ductility, proposed by Xiang et al. [23]. The performance tests of asphalt 
mixture contain permanent deformation (rutting), static creep test, repeated load test, 
dynamic modulus tests, figure life, tensile strength, stiffness test, moisture 
susceptibility and so on. For example, the rutting level of the asphalt mixture is usually 
evaluated by the asphalt pavement analyzer (APA) and Hamburg wheel tracking device 
(HWTD) [24]. Zhao et al. [25] used HWTD tests to investigate the rut depths of the 
warm mix asphalt hand hot mix asphalt containing reclaimed asphalt pavement (RAP). 
In addition, the dynamic modulus measurement is often conducted to investigate the 
mechanical property of asphalt mixture. Clyne et al. [26] reported the dynamic 
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modulus of the mixture with stiffer asphalt was higher than that with softer asphalt. 
The gradation of the aggregates affected the dynamic modulus significantly [27]. 
1.3.2 Self-healing of asphalt and asphalt mixture 
        Crack is considered as one of the main reason that causes pavement distress. It 
may develop as a result of multiple factors, such as freeze-thaw cycles, amount of 
precipitation or repeated traffic loads [28]. In order to improve the properties of the 
pavement, a lot of researches have tired to explain the self-healing mechanism of 
asphalt, thereby using the highway materials in a more economical way [29-31]. 
Different authors proposed that healing behavior which existed in asphalt mixture can 
be categorized into two types: first, adhesive healing at interface of asphalt and 
aggregate, second, cohesive healing inside asphalt binder [32-35]. Some researchers 
believed that when the surfaces of the crack contacted to each other due to the Van der 
Waals forces, the molecules diffused from one side to the other until the cracks were 
repaired completely and the strength recovered to the original level [31]. It is needed to 
explore the healing mechanism of asphalt mixtures and to quantify its impact by 
investigating that healing processes and the related crack surface energy of materials. 
In the physics of solids, the molecules on the surface have more energy than the ones 
do in the bulk of the material. Therefore, those high energy molecules from one surface 
have possibility to move to the other if the surface energy is relatively low in order to 
balance the system’s energy. This process is called wetting [36]. However, if the crack 
space is too wide, the wetting cannot occur because molecules do not have sufficient 
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energy to move through a long distance. In other word, the healing process continues if 
the system can be offered adequate energy and rest periods. 
        Many investigations have been implemented to measure the self-healing effect of 
asphalt mixture. Some papers revealed the self-healing mechanism of the asphalt 
binder. For example, Qiu et al. evaluated the self-healing capability of bituminous 
mastic which was a mixture of bituminous binder and  limestone sands [11]. An 
approach called fracture-healing-re-fracture test (FHR) was introduced to 
experimentally investigate the asphalt self-healing property [37, 38]. Fluorescence 
microscopy was used to watch the specimen deformation during the healing period. 
After healing, the strength of asphalt mastic specimen recovered and it increased with 
increasing healing time and healing temperature. 
        Another method which can investigate the asphalt self-healing property was using 
dynamic shear rheometer to conduct the two-piece healing (TPH) test (Qiu et al [39, 
40]). Two pieces of bitumen were pressed together using a 25 mm parallel-plate. The 
normal force was applied on the bottom plate. The TPH test investigated two different 
phases about self-healing of asphalt, including initial healing phase due to gap closure 
and time dependent healing phase. The initial healing phase has a three-stage complex. 
Time dependent healing phase indicated that compressive normal force promoted the 
healing effect. 
        Garcia proposed that the rate change of asphalt self-healing can be related to the 
Arrhenius equation and the activation energy was calculated using a series of asphalt 
mastic beams [41]. They were healed at different temperatures and times and were 
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examined through CT-Scan tests. It turned out that activation energy could be an index 
to reflect the capillary flow of the asphalt and its relation with the capillary diameter. 
        Influence of aging and temperature for self-healing of asphalt binder was 
considered by Bhasin and Palvadi [36]. They believed that healing can be defined as a 
two-step process, referring to instantaneous crack wetting and time-dependent strength 
gain [31]. Dynamic shear rehometer was adopted to measure the rate of self-healing of 
asphalt binder at different temperatures and aging conditions. The experimental data 
demonstrated that healing increased with an increase of temperature and decrease of 
aging of asphalt binder. 
        Dissipated energy approach as a methodology was introduced to quantify the 
healing effect of asphalt binders by Shen [12]. Healing rate was defined as the rate of 
dissipated energy recovery. The results indicated that binder, strain level and 
temperature all have impact on healing effect. Kim adopted four different asphalt 
mixtures to conduct the repeated loading test and periodic resilient modulus tests to 
evaluate the dissipated creep strain energy [42]. Their results indicated that healing 
rates increased dramatically by 10 oC and were also affected by aggregate structure.  
        Additionally, some researchers proposed to use the self-diffusion of molecules 
across the crack interface to explain the asphalt self-healing behavior. Bhasin utilized 
molecular simulation techniques to investigate the relationship between chain length, 
chain branching and self-diffusion of binder molecules [14]. In the study, the author 
defined average molecular structure and then chose three types of molecules to 
represent binder molecules including asphaltenes, naphthene aromatics and saturates. 
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After that, representative volume element of asphalt binder and crack interface were 
created. Through setting up some parameters, such as atomic configuration, velocities, 
and energy state, self-diffusion rate of binder molecules was determined. The results 
demonstrated that molecular simulation demonstrates that the molecular chain length, 
branching and molecular self-diffusion rate all influences the healing rate of asphalt 
binder. 
        Healing can be thought as a combination of wetting and intrinsic process that 
occurs across the interface of asphalt mixture crack. Wetting is the process that two 
sides of the interface combine into contact. Intrinsic healing is the strength obtained by 
the wetting process over time[36]. Kim et al. found that the relationship between the 
rate of healing for asphalt mixtures and the molecular characteristics of  the asphalt 
binder in the mixture [43]. They quantified healing by an index based on the change of 
the dissipated pseudo-strain energy before and after the rest period. Then the healing 
indexes of different asphalt mixtures, in which asphalt had varied molecular structures 
were measured. For the sake of simplicity, a hypothesis was proposed that longer 
chains with fewer branches moved more freely across a crack interface and promoted 
healing process more easily. Thus, molecular dynamics simulation was utilized to 
determine the effect of asphalt molecular self-diffusivity [44].  
        To sum up, the important part of asphalt which has capability to heal the cracks of 
the mixture is that energy should be input into the system, thereby making the asphalt 
flow. Increasing the temperature, applying force are both the methods which can heal 
the asphalt mixture and recover the strength. Fatigue test and fracture test was 
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implemented to examine the effect of asphalt self-healing. Meanwhile, molecular 
dynamics simulation was considered as a method to investigate the asphalt molecules 
kinetics, but it was still on the initial phase. 
1.3.3 Accelerated self-healing of asphalt mixture 
        The accelerated self-healing process has a remarkably different characteristic than 
the self-healing of asphalt. The energy is input into asphalt, assisting to finish the self-
healing process with relatively high speed. As known, although asphalt has the self-
healing property which can decrease the crack level, the speed of self-healing is much 
lower than that of damage in the most cases [45, 46]. That means it is not possible the 
asphalt material can heal the micro-crack totally by itself. Thus, it is necessary to find a 
method to increase the speed of asphalt self-healing. Through adding some conductive 
fibers or fillers into the asphalt mixture to accelerate self-healing process, the 
temperature of asphalt mixtures could increase in a relatively shorter time to 
accomplish the crack healed using certain equipment. Some studies added graphite and 
steel wool fiber into the asphalt mastic and proved that it can be healed with induction 
energy [47]. It was found that electrically conductive fibers had better effect than fillers 
[48]. There was an optimum content of fibers, above which it was very hard to make 
the mixtures and the electrical resistivity of the asphalt mixture decreased. Besides, 
once the maximum conductivity was reached, it did not change with increasing the 
content of fibers. After determining the type and optimum content of the additive, 
accelerated self-healing process was implemented. The shortwave accelerated self-
healing system includes alternating power generator, induction coils, and electrical 
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conductive steel fibers in asphalt concrete sample [49]. Under alternating electrical 
power supply, the copper coil generated the electromagnetic field with the same 
frequency. The heat was generated with dominant Joule effect, dielectric hysteresis and 
contact resistance heating between fibers. 
        In order to evaluate the effect of accelerated self-healing, some tests were 
conducted to investigate the properties of asphalt mixtures by incorporating the healing 
procedure such as indirect tensile test (IDT) and fatigue life test. Liu et al. [50] found 
that steel wool fiber can increase the fracture strength of asphalt mixture since it 
reinforced the inside structure of the asphalt beam. However, too much fiber decreased 
the strength because it led to bad adhesion between asphalt and aggregates. Hence, it is 
necessary to determine the optimum fiber content. The optimization amount of steel 
fibers added into the asphalt mixture was based on the electrical resistivity, heating 
velocity and particle loss resistance [51]. The results indicated that the longer, thinner 
steel fiber had better induction healing effects.  It was also observed that long rest 
period would heal the crack of the asphalt mixture if the deformation was relatively 
small. The fatigue life extension test was considered to estimate the effect of 
accelerated self-healing process as well [50]. Liu and Schlangen [35] investigated the 
induction healing effect on fatigue performance of porous asphalt concrete using four-
point bending test. Fatigue life extension ratio and flexural stiffness recovery were 
measured to assess the healing effect. It was found that induction healing has capability 
to improve the mechanical properties of asphalt pavement. 
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        Further research has been studied to complete accelerated self-healing 
mechanisms. Alvaro [41] proposed a simple model (equivalent circuit) to define the 
induction healing effect. Capillary flow was considered as the main cause of healing 
[41]. The author proposed that activation energy can be utilized to calculate the healing 
time based on the Arrhenius equation which means a connection of healing time and 
healing temperature can be established. The capillary flow through the crack could be 
the main cause for healing. It was concluded that the model could predict the exact 
healing time to obtain a full strength recovery of asphalt mastic.  
        Therefore, adding fibers into the asphalt mixtures healed by electromagnetic 
energy was an effective method to improve the mechanical properties. More researches 
are needed to investigate the electromagnetic energy induced accelerated self-healing 
effect and mechanism so that the pavement service life can be extended. 
1.4 Objectives and scopes of research 
        The main objective of this study is to investigate the damage-resistant asphalt 
composites with electromagnetic energy-induced self-healing and to quantify the 
thermal-induced healing performance through the integrated computational and 
experimental analysis. The study has been accomplished through four tasks that 
involve cyclic fracture-healing test, performance tests of asphalt and mixture, and 
cohesive zone model simulation. 
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1.4.1 Research Methodology and Tasks 
1.4.1.1 Methodology 
        In this doctoral study, both experimental and numerical works were performed to 
evaluate the electromagnetic energy induced self-healing of asphalt mixture. The 
cohesive zone model for simulating the original and healed fracture of asphalt mixture 
samples was established. The flow diagram for this proposed study is as follows: 
 
Figure 1. 1 Schematic flow diagram of proposed study on investigating the healing of 
asphalt mixture. 
1.4.1.2 Specific goals and related tasks 
Task 1: Specimen mixture design and performance tests. 
Task 2: Experimental measurement for fracture strength with different healing methods. 
Task 3: Finite element cohesion-based analysis of asphalt cracking and healing. 
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Task 4: Comparison of recovered fracture strength with computational analysis after 
healing cycles. 
1.4.2 Research Tasks 
1.4.2.1 Task 1: Specimen mixture design and performance tests 
Subtask 1.1 Prepare regular samples containing additives 
        The materials used in this study included asphalt binder, aggregates and steel wool 
fibers, carbon fibers, flake graphite, exfoliated graphite nanoplatelet (xGNP). The 
aggregates have been obtained from a local company in Hancock, Michigan, 
containing natural sand and crushed aggregate, with an average density of 2.72 g / cm3. 
The asphalt binder is PG 58-28 with the density of 1.024 g / cm3. The type 1 steel wool 
fiber will be used with length of 6.5 mm, diameter in the range from 0.0296 mm to 
0.1911 mm, and density of 7.6 g / cm3. The carbon fibers used were HexTow IM8 and 
AS4, from Hexcel Co.. IM8 carbon fiber is a continuous, high performance, 
intermediate modulus, PAN based fiber in 12,000 filament count tows. The tensile 
strength is 6067 MPa. The tensile modulus (Chord 6000-1000) is 310 GPa. The 
ultimate elongation at failure is 1.8%. The density is 1.78 g/cm3. The filament diameter 
is 5.2 microns. AS4 carbon fiber is a continuous, high strength, high strain, PAN based 
fiber in 3000 filament count tows. The tensile strength is 4619 MPa. The tensile 
modulus (Chord 6000-1000) is 231 GPa. The ultimate elongation at failure is 1.8%. 
The density is 1.79 g/cm3. The filament diameter is 7.1 microns. The flake graphite 
was obtained from Asbury Carbons with a density of 2.25 g/cm3. The particle sizes of 
flake graphite focus on two meshes, No.100 (75%) and No.200 (25%). The minimum 
47 
layer thickness is 0.11 mm. The xGNP was manufactured by XG Sciences with a bulk 
density of 0.03-0.1 g/cm3, particle diameter of 25 microns and an average thickness of 
approximately 15 nanometers. 
        The samples, asphalt mixture beams, were produced using the materials 
mentioned above. Beam samples were prepared for the three-point beam bending tests. 
The plain samples were also prepared and tested to compared with fiber samples. The 
mixture was compacted by a slab kneading compactor. After that, it was cut into beams 
with the dimensions of 69 mm × 50 mm × 190 mm. A notch with 3 mm width, 23 mm 
depth (one third of the sample’s height) was sawn in the middle of the samples as 
shown in Figure 1.2. The air void ratio was controlled about 4%. Compacting 
temperature and numbers were adjusted to assure samples with different content of 
fibers to obtain the similar air void ratios. 
 
Figure 1. 2 Sample used in the study. 
        The electrical resistivity was measured by using 1864 Megohmmeter in order to 
examine if the fiber distributes uniformly in the specimens as shown in Figure 1.3. It is 
known that when the mount of additive reaches up to some levels, the electrical 
resistivity will keep constant. Besides, it is difficult to mix excessive fiber with asphalt 
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and aggregates.  If the electrical resistivity of samples in one group is not very close, it 
means many clusters still exist in the asphalt mixtures. Therefore, the mixing time 
needs to be adjusted to make the electrical resistance quite low. Then the optimum 
content of fiber was determined by performance tests and volumetric electicity 
measurements. In addition, the induction healing process was conducted to evaluate the 
heating rate and uniformity of samples for fiber content determination. 
 
Figure 1. 3 1864 megohmmeter for electrical resistance measurement. 
Subtask 1.2 Measure fracture performance with beam bending test 
        Three-point bending test was conducted to investigate how the additive affected 
the mechanical properties of asphalt mixture beams. The beams were applied a load at 
a deformation rate of 5 mm/min using test fixture, -20 oC. Then the fracture energy of 
tested samples were calculated from the load-CTOD curves. 
1.4.2.2 Task 2: Experimental measurement for healing process 
Subtask 2.1 Investigate fracture behavior of samples during tests, and crack repair 
process under induction healing with digital camera images 
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        In this subtask, the fracture behavior of asphalt beams was investigated using a 
beam bending test with elastic foundation. It can prevent the beam fracturing 
completely, in which case the beam strength recovers by dealing with induction healing 
method shown in Figure 1.4. The beams with additives were tested using this beam 
bending test. All the samples were applied by loading with a rate of 0.5 mm/min until 
the maximum loading value appeared. The test temperature was -20 oC to limit 
viscoelastic or viscoplastic deformation. The process of forming crack at the middle of 
the specimen was recorded by taking digital camera images. 
 
Figure 1. 4 Beam bending test of asphalt mixture with elastic foundation. 
        After the fracture test, the beams were healed through the induction heater, 
visible/near-infrared light and microwave. Before the healing process, the specimens 
were rested in the lab at least for 1 hour until the temperature of them reaches up to the 
room temperature. The reason is that if a specimen is heated at a very low temperature 
and its temperature rises up extremely fast, the healing process may generate some 
non-uniform thermal deformation and leads to some crack behaviors. During the 
healing process, the crack healed process in the beam samples was recorded by the 
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digital camera and the infrared camera. This imaging data were used to simulate the 
fracture and re-fracture behavior of samples. 
1.4.2.3 Task 3: Finite element cohesion-based analysis of fracture behavior of original 
and healed samples 
Subtask 3.1 Apply cohesive zone model to simulate the crack formation and 
propagation during tests 
        Cohesive zone model has been used to simulate the fracture of materials for years 
including homogeneous and heterogeneous materials. It provides an effective way to 
simulate the damage occurring in a zone ahead of crack tip. In this study, nonlinear 
constitutive laws and corresponding traction were utilized to simulate fracture behavior 
such as crack nucleation, initiation, and propagation. The crack tip indicates the point 
where traction is zero and cohesive zone tip means the traction is a maximum. The 
cohesive zone is defined as the area between the crack tip and cohesive zone tip where 
fracture behavior occurs. The cohesive surfaces are joined together by cohesive traction 
due to the displacement jump across the crack. When displacement jump increases 
resulting from an external force or compliance inside the material, the traction 
increases until maximum and then decreases to zero monotonically. Material strength, 
critical displacement and cohesive fracture energy represent the cohesive parameters.  
        The virtual cohesive element work is given as 
* * *( )coh n n s s
s
W T T dS                                                                                                 (1-1) 
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where subscript coh represents cohesive, 
nT  and sT  are normal and shear tractions, 
respectively, *
n  and 
*
s  are virtual normal and shear displacement, respectively. They 
can be expressed as 
* *
n nN  , 
* *
s sN                                                                                                    (1-2) 
where N is shape function relating quantities at nodal points to those at Gauss points, 
*
n  and 
*
s  are virtual normal and shear displacement jump at nodal points, respectively. 
Thus, the force vector due to cohesive elements can be obtained as: 
( )coh n s
s
F T N T N dS                                                                                                (1-3) 
The cohesive material Jacobian [C] gives the relationship between traction and 
displacement jump as follows: 
[ ]
n n
s s
dT d
C
dT d


   
   
   
                                                                                                      (1-4) 
where [ ]C  is  
/ /
/ /
n n n s
s n s s
T T
T T
 
 
    
 
    
                                                                                                 (1-5) 
Therefore, the tangent matrix is 
[ ] [ ] [ ][ ]T
s
K B C B dS                                                                                                   (1-6) 
where [B] is matrix of shape function. 
The equations aforementioned are the base of finite element scheme which will be used 
to analyze the cohesive zone model, such as force vector and tangent matrix. 
        The cohesive law (insert citation) which was used for the interface elements can 
be summarized as follows: 
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n s
t
 
   
 
 
 
 
                                                                            (1-7) 
where n and s represent normal and tangential directions, t is traction, ϕ is free energy 
potential, δn is normal displacement jump, δs is shear sliding, n is unit normal of the 
interface elements, and q is vector of internal variables. Figure 1.5 shows the 
relationship between the traction and displacement jump follows equation 18: 
exp( )c
c c
t e
  

  

  

                                                                                          (1-8) 
 And the cohesive fracture energy is defined as 
0
c c cG td e  

                                                                                                        (1-9) 
 
Figure 1. 5 Schematic representation of loading and unloading in terms of traction and 
displacement-jump. 
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        Experiments were conducted to measure the peak separation stress and fracture 
energy. They were treated as the material input parameters to set up the cohesive zone 
model. The peak separation stress was measured by modified beam bending test. And 
the material strength was measured by three-point bending beam test. Then sensitivity 
analysis was implemented to fracture energy and material strength to explore the 
influence of cohesive parameters.  
        In this part, cohesive zone model were used to simulate the recovered strength of 
asphalt mixture after the induction healing process. As known, cohesive zone model 
has been used to investigate the fracture properties of materials for years. However, 
this was the first time to use the CZM to study the asphalt self-healing. The crack in the 
middle of the specimen can be healed to some extends. In fracture simulation which is 
the crack developing process, the material in cohesive zone is the asphalt mixture. 
Then the sample was healed and part of the crack was filled with asphalt or asphalt 
mastic.  
1.4.2.4 Task 4: Experimental investigation of fracture strength with EM-induced self-
healing and comparison of recovered fracture strength with computational analysis 
after healing cycles 
Subtask 4.1 Implement fracture-healing cyclic beam bending tests to measure the 
original strength and recovered strength of samples after each cycle. 
        This fracture-healing cyclic beam bending test includes two parts. One is the beam 
bending fracture test. The specimen was put on an elastic rubber foundation in order to 
prevent the beam broken completely. Then a load was applied on the specimen at a rate 
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of 0.5 mm/min until the maximum value appears then the load will decrease 
immediately. Therefore, the loading machine stopped manually before load decreased. 
Otherwise, the crack in the middle of the specimen developed too fast to be healed. The 
temperature of the specimen was -20 oC to avoid creeping. After the fracture test, it 
was necessary to wait for at least one hour until the temperature of specimen increased 
to room temperature. Then the sample was placed under electromagnetic field to heal, 
including induction heater, visible/near-infrared light and microwave. Then the 
specimen was put into a freezer for at least 6 hours to keep its temperature around -20 
oC. This process can be called one cycle of fracture-healing beam bending test. After 
sample was conditioned in the freezer for about 6 hours, the samples were tested again 
to measure the fracture strengths, neamly the peak loads through the loading test. The 
peak loading values were recorded as well. The healing performance was investigated 
by comparing the original fracture strength value with the recovered strength values 
from each cycle [49].  
Subtask 4.2 Compare the analytical results with the experimental results on recovered 
fracture strength 
        The objective of this part is to compare the analytic results with the experimental 
results of recovered fracture strength. The results form simulating the facture of 
original sample and healed sample using cohesive zone model were compared with the 
fracture-healing cyclic test to examine the model’s suitability by relative difference. 
The relative difference was defined as the difference of the experimental and numerical 
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results divided by the experimental resluts. Models and equations were established for 
calculating dissipated energy depending on the loading cycles.  
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CHAPTER 2 EXPERIMENTAL TESTS ON ASPHALT MIXTURE SAMPLES 
WITHIN STEEL WOOL FIBER 
2.1 Introduction 
        Asphalt mixtures are used on the surface for over 94% of all pavements [1]. As an 
essential component of the U.S. pavement infrastructure system, the self-healing 
performance of asphalt mixtures has a significant impact on maintenance costs. 
Bitumen or asphalt binder is used in asphalt concrete mixes to bind together aggregate 
particles. It is typically known as a viscoelastic material which deforms at high 
temperatures and is brittle at low temperatures. Pavements surfaces must remain 
drivable for a wide range of the traffic loads under different climatic conditions for an 
extended period of time. In order to maintain a drivable pavement surface, asphalt 
concrete wearing courses should be constantly maintained and repaired. Miniature 
cracking on highway runways can cause the start of major forms of pavement 
distress[52]. The abrasive action of vehicle wheels on the pavement surface, especially 
on high stressed areas, can initiate raveling. Kneepkens et al. [53], described that 
raveling starts with the removal of the first stone, creating a gap, followed by a 
domino-like effect, with the loss of more aggregate particles at a higher rate. When the 
first stone is removed by a vehicle wheel, the remaining aggregates around the gap lack 
support in at least one direction, aggregates can easily plug out from the pavement, 
which results in uneven pavement surfaces. In the Netherlands [54], induction healing 
                                                 
 Text was published in Construction and Building Materials—Dai, Q., Wang, Z., 
Hasan, M. (2013). “Investigation of Induction Healing Effects on Electrically 
Conductive Asphalt Mastic and Asphalt Concrete Beams through Fracture-healing 
Tests.” Construction and Building Materials. Doi:10.1016/j.conbuildmat.2013.08.089 
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was used as a method of preventive maintenance to increase the healing rate and to 
prevent raveling of porous asphalt. This approach was developed at the Delft 
University of Technology (TU Delft) based on two intrinsic properties of asphalt 
concrete: 1) asphalt concrete is a self-healing material and 2) its’ healing capability is 
better at elevated temperatures [54]. 
        Shen et al. [55] defined the healing behavior as the self-recovery capability of 
asphalt materials under certain loading and/or environmental conditions, especially 
during the rest time. According to Alvaro [56] asphalt concrete can be classified as a 
thermally-induced self-healing material whereas directly linked to temperature [57] and 
the rest periods [58, 59]. Healing in asphalt materials evolves complex behavior, which 
depend on the activation energy in asphalt binder, capillary flow through the cracks, 
self-diffusion of molecules across the crack interface, crack phases, material 
modifications and confinement [56, 60, 61]. According to a study by Qiu et al. [61], the 
modified bituminous mastic using Styrene-Butadiene-Styrene polymer resulted in 
lower healing capability compared to a bituminous mastic made with conventional 
binder 70/100 penetration grade. Little and Bhasin [62] affirmed that the healing 
process between two surfaces of a nano crack can be classified into three primary steps 
which is initiated by the wetting of the nano crack surfaces, followed by the diffusion 
of molecules from one surfaces to the other and finally randomized of the diffused 
molecules to attempt to reach the level of strength of the original material. This 
complete self-healing process will occur with sufficient rest time (no loading) and 
contacted crack surface. The lab test results support that the amount of healing 
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increases when the asphalt materials are subjected to an elevated temperature during 
the rest time [63]. 
        Based on the above findings [56-61], it is important to ensure that asphalt binder 
behaves as a Newtonian fluid by stimulating the activation energy at an adequate level 
which can be predicted through the Arrhenius equation [64]. Conductive steel fibers 
are added to the asphalt mixtures to generated eddy current under an alternating 
magnetic field in order to use induction heating to heal the micro-crack, enough to 
increase the asphalt binder healing rates and repair the bond between aggregates and 
binder. In this method, the induction generator sends alternating currents through a coil, 
generating an alternating electromagnetic field and induces currents through the 
conductive loop formed by the steel wool. Theoretically, heat was generated due to the 
electrical resistance in the conductive particles when connected to a power source [65]. 
The induction healing of asphalt composites containing conductive fibers were 
investigated at TU Delft [47, 52, 54, 65-68]. The induction healing effects were 
experimentally investigated with the porous asphalt concrete specimens. García et al. 
[66] conducted Gel-Permeation Chromatography tests on healed specimens by 
evaluating induction healing and original specimens, and demonstrated the chemical 
properties of asphalt such as averaged molecular weight did not change. Liu et al. [54] 
evaluated the induction healing effect of porous asphalt concrete through the four-point 
bending fatigue test and found that the fatigue life of porous asphalt concrete can be 
extended by applying multiple induction healing cycles. Liu et al. [65, 67] concluded 
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that the self-healing rate of porous asphalt concrete can be increased by induction 
heating.   
        The main objective of this study is to investigate the self-healing performance of 
conductive asphalt materials through cyclic peak-to-peak fracture and induction 
healing tests, and to evaluate the influence of different temperatures of induction 
heating on the healing capability of dense-graded asphalt materials. The mastic and 
concrete samples were prepared by adding Type 1 steel wool fibers with an 
approximate length of 6.5 mm.  These prepared samples were then tested under 
fracture-healing cycles by using the three-point bending loading and modified three-
point bending loading tests (with an elastic foundation support) for the asphalt mastic 
and concrete beam samples, respectively. The healing performances of samples were 
evaluated with recovered peak load under fracture-healing cycles.  
2.2 Mixture design and sample preparation  
2.2.1 Materials 
        The materials used in this study for the preparation of asphalt mastic and asphalt 
concrete beams were aggregates, asphalt binder and steel wool fibers. The aggregate 
were obtained from a local source in Hancock, Michigan that contained natural sand 
and crushed aggregate, with an average density of 2.72 g/cm3.  While the asphalt 
binder used was PG 58-28 with the density of 1.024 g/cm3. The steel wool fibers were 
Type 1 with the approximate length of 6.5 mm and the density of 7.6 g/cm3.   
60 
2.2.2 Asphalt mastic preparation 
        Asphalt mastic samples were prepared using the sand to bitumen ratio 1.6 in 
volume for mixture design. As a conductive component, 5.66% steel wool by volume 
of asphalt binder was incorporated in the mixture to obtain a high electrical 
conductivity. To obtain a homogenous mixture, aggregates (gradation shown in Table 
2.1) and steel wool fibers were mixed using a Hobart mixer for 10 minutes before 
mixing with the asphalt binder for another 5 minutes. Finally, the mixture was hand-
compacted in a fabricated aluminum mold as shown in Figure 2.3 (a). The dimensions 
of each sample were 125 mm x 25 mm x 15 mm with a triangular shape notch (5.8mm 
wide and 5mm in height) at the center of sample. 
Table 2. 1 Aggregate gradation of sand mastic samples. 
Sieve Number Sieve Size (mm) % Retained Mass (g) 
No.8 2.36 68.3 286.2 
No.16 1.18 10.9 45.7 
No.30 0.6 8.2 34.4 
No.50 0.3 4.3 18.0 
No.100 0.15 2.7 11.3 
No.200 0.075 5.6 23.5 
 
2.2.3 Beam sample preparation 
        For the concrete beam preparation, the aggregate gradation in Table 2.2 was 
mixed with the same type of asphalt binder and steel wool used in the mastic sample 
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preparation. The beam samples contained a higher percentage of steel wool which was 
approximately 8% of the binder volume. The mixture was first compacted using a slab 
kneading compactor and then cut into a beam with the dimensions of 69 mm x 50 mm 
x 190 mm. Additionally a small notch with 3mm width and 20mm depth was sawn in 
the center of the concrete beam samples.  
Table 2. 2 Aggregate gradation of asphalt concrete mixture. 
Sieve Number Sieve Size (mm) % Retained Mass (g) 
3/4 19 1.3 124.0 
1/2 12.5 12.2 1164.0 
3/8 9.5 14.7 1402.5 
No.4 4.75 20.4 1946.4 
No.8 2.36 15.3 1459.8 
No.16 1.18 10.6 1011.3 
No.30 0.6 10.8 1030.4 
No.50 0.3 7 667.9 
No.100 0.15 2.3 219.4 
No.200 0.075 5.4 515.2 
 
2.3 Mechanism of induction heating of asphalt materials  
        The induction heating system includes alternating power generator, induction 
coils, and electrical conductive steel fibers in asphalt concrete sample as shown in 
Figure 2.1. Under alternating electrical power supply, the copper coil generated the 
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magnetic field with the same frequency. Each conductive steel fiber was induced as 
indicated in asphalt mixtures (Figure 2.1). The induction heat was generated with 
dominant Joule effect, dielectric hysteresis and contact resistance heating between 
fibers.  The binder in the samples behaves as a Newtonian fluid, when the asphalt 
temperature in the range of 30°C to 70°C, depending on the source and composition of 
the bitumen. The capillary pressure will drive the binder to flow over crack space. Thus 
the micro-cracks will be healed with filled binder and recovered bonding and adhesive 
strength[64]. 
 
Figure 2. 1 Schematic demonstration of induction healing mechanism for 
thermoplastic asphalt materials. 
2.3.1 Induction healing system setup  
        The induction healing systems for asphalt mastic and concrete samples were used 
as shown in Figure 2.2 (a) and 2 (b), respectively. As mentioned, the induction coils 
connected with power generator introduced magnetic field for induction healing of 
asphalt samples. These experiments were performed using Ameritherm Solid State 
induction heating equipment SP-5.0 with a capacity of 5 kW. A 125 mm by 105 mm 
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planer coil was fabricated to carry out the heating process. The coil was place over the 
fracture area of the sample during healing. To regulate and set the temperature being 
produced, a thermal couple was used in conjunction with the induction heating 
machine. A hand held Fluke 62 Mini IR Thermometer was used to detect the 
temperature changes on the surface of the sample during the healing process.   
    
                                    (a)                                                            (b) 
Figure 2. 2 Induction healing system with heating generator and induction coils: (a) 
asphalt concrete sample healing and; (b) asphalt mastic sample healing. 
2.3.2 Resistivity measurement of prepared samples 
        Electrical resistivity measurements were conducted on the prepared asphalt mastic 
(Figure 2.3 (a)) and concrete beam specimens (Figure 2.3 (b)) at room temperature of 
20°C. Copper electrodes with the size of the short end of the samples were used to 
measure resistance (R). Graphite powder was used on the mastic sample to ensure full 
contact with the electrode. Resistivity was then calculated using Ohm’s second law as 
shown in Equation (2-1): 
RS
L
                                                                                                               (2-1) 
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where R is the measured electrical resistance (Ω), S is the electrode conductivity (m2), 
L is the internal electrode distance (m) and ρ is the electrical resistivity (Ω·m) 
  
                                   (a)                                                              (b) 
Figure 2. 3 Electrical resistivity measurement of prepared samples: (a) asphalt mastic 
samples; (b) asphalt concrete samples. 
        The measured electrical resistivity of asphalt mastic and concrete samples was 
plotted as logarithm values as shown in Figure 2.4 (a) and (b). Figure 2.4 (a) shows the 
measured volumetric resistivity of nine mastic samples used for the following fracture-
healing cyclic studies. The average volume resistivity of the mastic samples was 
calculated about 112.4 10 m  . The average volume resistivity (Log ( m )) was 9.7 
with a standard deviation about 1.55. Figure 2.4 (b) displays the measured volume 
resistivity of nine asphalt concrete beams. These concrete beam samples were also used 
for healing performance study. The average volumetric resistivity of these asphalt 
concrete beam samples was about 115.81 10 m . The average Logarithm value of 
volume resistivity (Log (Ω m)) was 11.2 with a standard deviation of 0.66. The relative 
larger deviation values were caused due to relatively higher fiber content in asphalt 
mastic samples, compared with asphalt concrete samples.   
65 
 
(a) 
 
(b) 
Figure 2. 4 Electrical resistivity values of prepared samples before loading: (a) asphalt 
mastic samples; (b) asphalt concrete samples. 
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2.3.3 Temperature distribution of induction heated concrete samples 
        Type 1 steel wool fibers were incorporated into the asphalt mastic and concrete 
samples to induction heat the samples through different heating temperatures. During 
induction heating, the asphalt concrete sample was placed about 10 mm from the 
induction heating coil. Once the sample surface temperature reached the desired 
heating temperature (60, 80 and 100°C), the sample was held for another two minutes. 
The infrared thermal camera (FLIR 8X Digital Zoom 640x480) was used to capture the 
temperature distribution in each sample as shown in Figure 2.5. The images were taken 
at the end of healing process. Figure 2.5 (a-c) shows the temperature distribution of 
samples at three heating temperatures. In these images, the color bar at the right side 
represents the temperature variation of the specimen. The bright yellow color indicates 
the relatively high temperature while the dark blue color represents the relatively low 
temperature. Even though the strength of alternating magnetic field frequency 
decreased from top surface to bottom surface of the samples, the induction energy and 
heating temperature have the same trend. The highest temperature can reach about 
67.2°C, 80.4°C and 100°C in the middle of the top surface for the specimen healed at 
60°C, 80°C and 100°C, respectively. The figures indicate that the samples are 
uniformly healed during the induction healing process. 
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(a) 
 
(b) 
 
(c) 
Figure 2. 5 Infrared images of induction heating temperature distribution with asphalt 
concrete samples under heating temperature of (a) 60°C; (b) 80 °C and; (c) 100 °C. 
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2.4 Fracture-healing cyclic study of asphalt mastic samples with three-point beam 
bending tests 
2.4.1 Fracture-healing tests of asphalt mastic samples 
        The peak loads of three-point beam bending test of asphalt mastic samples were 
used to evaluate the healing performance after the fracture-healing cycles. A total of 
nine fracture-healing cycles were completed to measure the peak load values of asphalt 
mastic samples by following the same test procedure. The mastic samples were 
formerly conditioned at -20°C about 6 hours before the test to limit the viscoelastic and 
unrecovered deformation. The samples were tested with a three-point bending setup at 
a loading rate of 50 mm/min (as shown in Figure 2.6(a)). When the loading force 
started to decrease, the loading machine was stopped. The loading curve and peak 
value was recorded for healing performance analysis. After fractured, the samples were 
rested at least for 15 minutes until they reached the room temperature about 20°C. For 
the healing process, the samples were placed in a wooden mold to help maintain the 
shape during healing. The samples were heated at a distance of 35 mm under the planar 
induction heating coil. Once the surface temperature reaches the desired values (60, 80 
and 100°C), the sample was continue heating about one more minute. Then, the sample 
in the mold was placed in the freezer for 15 minutes to maintain the shapes of the 
samples. This allows the samples to cool down before being removed from the mold to 
prevent damaging the mastic samples. This process was repeated several times with 
rest period and conditioning time to allow the samples to reach -20°C, before being 
fractured in the next cycle.  
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                                    (a)                                                               (b) 
Figure 2. 6 Demonstration of the test setup: a) three-point beam bending test of mastic 
beam and; b) modified bending test of asphalt concrete beam with elastic foundation. 
2.4.2 Fracture-healing test results with asphalt mastic samples 
        The fracture-healing tests were conducted with three samples at each heating 
temperature of 60°C, 80°C or 100°C. During the healing process, the binder flowing 
into cracks was observed. Table 2.3 shows the peak load values of the original mastic 
samples. The peak load values were measured in the range from 50 N to 150 N. The 
fracture-healing test curve of asphalt mastic samples (Sample 1, 2 and 3) at the heating 
temperature of 60°C is shown in Figure 2.7. The figure shows that the peak loads of the 
samples are relatively identical after each fracture-healed cycle. The percentage of 
recovered peak loads after each cycle for mastic samples were listed in the Table 2.4. 
After nine cycles, the Sample 1 has the recovered strength about 117.8%, while Sample 
2 and 3 have increased the peak strength about 160.9% and 209.3%. The increased 
peak strength was due to the mastic samples have relatively high binder content. And 
thus the notched crack in the bottom of the sample was filled with some heated binder 
and sands after each healing process. 
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Table 2. 3 Peak load of virginal mastic samples. 
Specimen 1 2 3 4 5 7 8 9 
Peak 
load(N) 
126.64 82.56 61.23 152.05 154.25 129.16 151.53 100.38 
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Table 2. 4 Percentage of recovered peak loads after each fracture-healing cycle for 
mastic samples. 
Specimen 1 2 3 4 5 7 8 9 
Cycle 1 99.8% 
162.3
% 
220.9
% 
108.0
% 
173.0
% 
171.0
% 
115.9
% 
128.8
% 
Cycle 2 
117.4
% 
160.6
% 
200.1
% 
85.5% 
113.8
% 
107.8
% 
125.5
% 
151.1
% 
Cycle 3 
114.3
% 
158.6
% 
207.4
% 
101.4
% 
113.5
% 
182.3
% 
110.0
% 
168.6
% 
Cycle 4 
113.5
% 
149.5
% 
190.3
% 
110.2
% 
104.8
% 
195.6
% 
106.9
% 
163.3
% 
Cycle 5 
101.9
% 
131.1
% 
205.1
% 
108.6
% 
115.1
% 
152.5
% 
122.3
% 
174.5
% 
Cycle 6 96.8% 
152.6
% 
195.4
% 
129.0
% 
106.6
% 
208.4
% 
133.9
% 
202.8
% 
Cycle 7 
103.7
% 
112.5
% 
196.1
% 
143.8
% 
110.8
% 
191.4
% 
- 
210.9
% 
Cycle 8 88.2% 
136.2
% 
205.9
% 
142.9
% 
139.4
% 
192.1
% 
- 
238.0
% 
Cycle 9 
117.8
% 
160.9
% 
209.3
% 
167.6
% 
148.7
% 
185.0
% 
- 
249.9
% 
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Figure 2. 7 Fracture-healing test data of asphalt mastic samples at heating temperature 
of 60°C. 
        The fracture-healing test curve of asphalt mastic samples (Sample 4 and 5) at the 
heating temperature of 80°C is shown in Figure 2.8. Again, the peak load values of the 
original mastic samples were listed in Table 2.3. After nine cycles, Sample 4 and 5 
have increased the peak strength about 160.9% and 209.3%. The test data of Sample 6 
was not included since the recovered peak load value of cycle 9 was very high (about 
three times higher than the original peak load value). This abnormal test data were 
probably caused by large amount binder and sands flowing into the notched crack.  
0
50
100
150
200
250
L
o
ad
in
g
 F
o
rc
e,
 N
Loading Time, Sec
Cycle1
Cycle2
Cycle3
Cycle4
Cycle5
Cycle6 Cycle8
Cycle7 Cycle9
Sample 1
Sample 2
Sample 3
73 
 
Figure 2. 8 Fracture-healing test data of asphalt mastic samples at heating temperature 
of 80°C. 
        The fracture-healing test curve of asphalt mastic samples (Sample 7, 8 and 9) at 
the heating temperature of 100°C is shown in Figure 2.9. The peak load value of the 
original mastic samples is listed in Table 2.3. After nine cycles, Sample 7 and 9 have 
increased the peak strength about 185.0% and 249.9%. Sample 8 was fractured as two 
pieces after cycle 6, with the recovered peak strength about 133.9%.  These mastic 
sample test results indicated that induction healing process can fully repair cracks and 
also increased peak strength with cycles. The recovered peak strength has increased 
with heating temperatures. Where at higher heating temperatures, the viscosity of 
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asphalt binder is significantly reduced, hence results in higher binder’s flow rate and 
seals the crack opening.  
 
Figure 2. 9 Fracture-healing test data of asphalt mastic samples at heating temperature 
of 100°C. 
2.5 Fracture-healing investigation of asphalt concrete samples using beam 
bending test with elastic foundation 
2.5.1 Fracture-healing tests of asphalt concrete samples  
        The measured peak load of the asphalt concrete beams after fracture-healing 
cycles was used to determine the healing capacity of asphalt mixture samples. The tests 
were conducted to determine the recovered peak load of the asphalt concrete samples 
by following the same test procedures for the asphalt mastic test. The asphalt concrete 
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samples were initially conditioned at -20°C. Then, the conditioned samples were 
fractured using a modified beam bending test with an elastic rubber foundation support 
as shown in Figure 2.6(b). The low loading rate of 0.5 mm/min was applied for the 
beam fracture test. This test setup allowed the sample to be fractured globally by 
limiting local damage. When the loading started to reduce, the loading was stopped. 
The loading curve and peak loads were recorded for healing performance investigation. 
After beam bending test, the samples rested at least for an hour until they reached room 
temperature about 20°C. During the induction healing process, the sample was placed 
about 10 mm below the induction heating coil. Once the surface temperature reaches to 
the desired temperature (60, 80 and 100°C), the sample was prolong for another two 
minutes heating process. Afterward, the samples were let to cool down at the room 
temperature. And followed by the samples were put into the freezer for six hours to 
reach -20°C, before the next fracture-healing cycle. 
2.5.2 Fracture-healing test results on asphalt concrete samples 
        As mentioned in the previous test section, the measured peak load of the asphalt 
concrete beams after each fracture re-healing cycle was used to determine healing 
performance. The peak load of the original asphalt concrete samples is listed in Table 
2.5. The range of the peak values is from 3500 N to 5000 N. The fracture-healing tests 
were conducted with three samples at each heating temperature of 60°C, 80°C or 
100°C.  
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Table 2. 5 Peak load of original asphalt concrete samples. 
Specimen 1 2 3 4 5 6 7 8 9 
Peak 
Load (N) 
4593.
6 
4512.
2 
5158.
0 
3608.
9 
4325.
8 
4961.
5 
4605.
0 
4862.
0 
4661.
4 
 
        Figure 2.10 shows the fracture-healing test data of asphalt concrete samples at 
heating temperature of 60°C for Sample 1, 2 and 3. The original peak loads of these 
asphalt concrete samples were within the range from 4500N to 5000N, and reduced to 
the range from 2000N to 2500N after nine fractured-healed cycles. Table 2.6 lists the 
percentage of recovered peak loads of asphalt concrete samples after each fracture-
healing cycle. Sample 1 and 2 has 35.8% and 56.8% recovered peak loads after 9 
cycles respectively. Sample 3 was fractured into two pieces in the 7th beam bending 
loading test with 41.9% recovered fracture strength. It was found that the fracture 
strength reduced to half of original values after few cycles at the heating temperature of 
60°C. 
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Table 2. 6 Percentage of recovered peak loads after each fracture-healing cycle for 
asphalt concrete samples. 
Specimen 1 2 3 4 5 6 7 8 9 
Cycle 1 
86.4
% 
77.0
% 
84.1
% 
102.8
% 
102.5
% 
87.5
% 
79.1
% 
91.0
% 
104.5
% 
Cycle 2 
77.5
% 
73.9
% 
65.7
% 
75.2
% 
85.8
% 
80.1
% 
77.6
% 
91.9
% 
90.6
% 
Cycle 3 
57.4
% 
67.9
% 
66.4
% 
70.8
% 
86.5
% 
78.4
% 
73.5
% 
81.5
% 
81.9
% 
Cycle 4 
54.3
% 
65.5
% 
58.3
% 
64.4
% 
84.8
% 
68.8
% 
63.9
% 
74.7
% 
80.2
% 
Cycle 5 
57.1
% 
64.9
% 
47.1
% 
61.1
% 
84.6
% 
63.9
% 
54.7
% 
70.8
% 
78.7
% 
Cycle 6 
53.5
% 
69.5
% 
41.9
% 
60.2
% 
76.2
% 
57.7
% 
50.5
% 
67.5
% 
76.9
% 
Cycle 7 
49.3
% 
63.5
% 
- 
50.8
% 
63.2
% 
56.4
% 
44.4
% 
62.8
% 
74.0
% 
Cycle 8 
36.6
% 
59.5
% 
- 
48.3
% 
57.6
% 
51.7
% 
32.7
% 
64.5
% 
75.1
% 
Cycle 9 
35.8
% 
56.8
% 
- - 
51.8
% 
45.5
% 
- 
63.2
% 
73.6
% 
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Figure 2. 10 Fracture-healing test data of asphalt concrete samples at heating 
temperature of 60°C. 
        The fracture-healing test data of asphalt concrete Sample 4, 5 and 6 at the heating 
temperature of 80°C are plotted in Figure 2.11. The percentages of recovered peak 
loads of these samples after each fracture-healing cycle are also listed in Table 2.6. 
Sample 5 and 6 has 51.8% and 45.5% recovered peak loads after 9 cycles respectively. 
Sample 4 was fractured into two pieces in the 9th beam bending loading with 48.3% 
recovered fracture strength. Overall, the healing performance of these samples was 
improved at the heating temperature of 80°C, comparing to the previous case. The test 
results show that the recovered fracture strength maintained about half of the original 
values at the end of cycles. 
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Figure 2. 11 Fracture-healing test data of asphalt concrete samples at heating 
temperature of 80°C. 
        Figure 2.12 shows that the fracture-healing test data of asphalt concrete Sample 4, 
5 and 6 at the heating temperature of 100°C. From the recovered peak load percentages 
as listed in Table 2.6, Sample 8 and 9 maintained at 63.2 % and 73.6% of original 
fracture strength after 9 fracture-healing cycles respectively. Sample 7 was also 
fractured into two pieces in the 9th beam bending loading with 32.7% recovered 
fracture strength. Meanwhile, the asphalt concrete beam samples (Sample 10 and 
Sample 11) were loaded with the same beam bending test at -20°C. These samples 
were not going through the healing process prior to make comparison. The samples 
were conditioned with -20°C before the next fracture test. The peak loads of these two 
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samples were used as the comparative test to prove the effectiveness of the induction 
healing. The original peak loads of these two samples were about 4500N. After the 
third-time loading, the peak loads decrease to 1500N and 2500N of Sample 10 and 11, 
as indicated with the diamond and triangle markers in the figure. And the recovered 
fracture strength of these two samples reached about 55% and 33% of the original level 
after the third loading. Therefore, the micro-cracks in asphalt concrete samples with 
steel wool fibers can be effectively healed under induction healing and the fracture 
strength of asphalt mixes can be significantly recovered. From the test data of Sample 8 
and 9, the recovered fracture strength is still in the high level of original values after six 
fracture-healing cycles at the heating temperature of 100°C. 
 
Figure 2. 12 Fracture-healing test data of asphalt concrete samples at heating 
temperature of 100°C. 
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        Therefore, the healing performance of asphalt concrete beam samples was 
improved with the heating temperature. The heating temperature of 100°C can achieve 
optimum healing without affecting the physical properties of asphalt materials. 
2.5.3 Changes of electrical resistivity during fracture-healing cycles 
        Sample 7 was chosen to evaluate the change of electrical resistivity through four 
fracture-healing cycles (from fifth cycle to eighth cycle) as shown in Figure 2.13. 
During each cycle, the electrical resistivity was measured at three different stages to 
investigate the potential of self-sensing ability. At the first stage, the conditioned 
sample was loaded after the bending beam test and then was rest until the surface 
temperature reached the room temperature about 20°C. In the second stage, the 
induction healing process was conducted and the sample was then placed to reach the 
room temperature. While at the third stage, the sample was put inside the freezer and 
conditioned about 6 hrs to maintain -20°C.    
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Figure 2. 13 Change of electrical resistivity of one asphalt concrete sample during 
several fracture-healing cycles. 
        Comparing the first and the second stages at room temperature, the electrical 
resistivity of the sample was reduced after induction healing process. The value was 
further reduced at the stage 3 after the sample was conditioned in the freezer at 
subcooling temperature -20°C. The self-healing behavior during the freezing process 
contributes this resistivity reduction by further repairing the micro-cracks. And also at 
the subcooling temperatures, the binder generates shrinkage deformation to allow 
fibers to have better contacts. After the sample was loaded with beam bending test with 
peak loading and reach to the first stage at the next cycle, the electrical resistivity was 
increased significantly because the micro-crack behavior causes the fibers to separate. 
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This study indicates the electro active- asphalt mixtures with conductive fibers have 
potentials in damage-sensing ability in structure health monitoring application. The 
electrical resistivity of the samples decreases with fracture-healing cycles because of 
the accumulated self-or induction- healing behavior in the samples. 
2.6 Conclusions 
        The induction healing performance of prepared asphalt mastic and asphalt 
concrete samples were investigated through fracture-healing test. The test data of 
asphalt mastic samples indicate that micro-cracks in the mastic samples can be 
effectively healed at the heating temperature of 60°C. The sample fracture strength was 
improved because the binder filled the notched cracks at the bottom of the samples at 
the heating temperatures of 80°C and 100°C. From the test data of asphalt concrete 
samples, it was determined that the 100°C heating temperature could be the optimum 
option for the induction healing because the recovered peak load values were higher 
than the other two temperatures after several fracture-healing cycles. However, the 
heating temperature 60°C and 80°C are also acceptable since the recovered fracture 
strength is higher than 50% after six fracture-healing cycles. The induction healing 
performance on asphalt concrete samples was also validated with sample behaviors 
without healing process. During each fracture-healing cycle, both induction healing and 
self-healing behavior can decrease the electrical resistivity of the asphalt concrete 
samples. And the beam bending test can increase the electrical resistivity by generating 
the internal damage or cracks. The electrical resistivity of the samples decreases with 
fracture-healing cycles because of the accumulated crack opening in the samples. 
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        Future work will be performed to consider the healing effects with different 
mixture design of asphalt mastic or concrete samples, heating time-periods, and 
volume percentage and diameter and length dimensions of steel fibers. Especially, the 
micro-crack healing capacity of asphalt concrete samples will be optimized by varying 
these design parameters for sustainable pavement applications. It is expected that the 
effective induction healing system might reduce huge pavement maintenance cost and 
related traffic jams. The successful applications also help to reduce the CO2 emission 
and save energy with smooth interactions between pavement surface layer and vehicle 
tires. 
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CHAPTER 3 COHESIVE ZONE MODEL DEVELOPMENT FOR ASPHALT 
MIXTURE WITHIN STEEL WOOL FIBER 
3.1 Introduction 
        Asphalt mixtures are used on the surface for over 94% of all pavements [1]. As a 
significant component of the U.S. pavement infrastructure system, the self-healing 
performance of asphalt mixtures has an important impact on maintenance costs. 
Bitumen or asphalt binder is used in asphalt concrete mixes to bind together aggregate 
particles. It is typically known as a viscous type thermoplastic material which behaves 
viscously at high temperatures and is stiff at low temperatures. Pavements surfaces 
must remain drivable for a wide range of the traffic loads under different climatic 
conditions for an extended period of time. In order to maintain a drivable pavement 
surface, the wearing courses are necessary to be repaired constantly. Microcrack can 
cause the start of major forms of pavement distress [52]. The abrasive action of vehicle 
wheels on the pavement surface, especially on high stressed areas, can initiate raveling. 
In the Netherlands [54], induction healing was used as a maintaining method to 
increase the healing rate and to prevent raveling of porous asphalt. This approach was 
developed by the Delft University of Technology (TU Delft) based on two essential 
properties of asphalt concrete: 1) self-healing material and 2) healing capability 
increases at elevated temperatures [54]. 
                                                 
 Text was published in Construction and Building Materials—Wang, Z., Dai, Q., Yang, 
X. (2016). “Integrated Computational–Experimental Approach for Evaluating 
Recovered Fracture Strength after Induction Healing of Asphalt Concrete Beam 
Samples.” Construction and Building Materials. 
Doi:10.1016/j.conbuildmat.2015.12.130 
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        Shen et al. [55] believed that the healing behavior was the self-recovery ability of 
asphalt materials affected by loading and environmental conditions. According to 
García work [69], asphalt concrete can be treated as a self-healing material related to 
temperature [57] and the rest periods directly [58, 59]. Healing in asphalt materials 
evolved complex behavior, which depended on the activation energy of asphalt, 
capillary flow through the cracks, self-diffusion of molecules, crack phases, material 
modifications and confinement [60, 61, 69]. In a recent work [64], the asphalt binder 
flow behavior regarded as Newtonian fluid was simulated through using activation 
energy based on the Arrhenius equation. Conductive steel fibers were added to the 
asphalt concrete material to generate eddy current under an alternating magnetic field 
in order to use induction heating to heal the micro-crack, increase the healing rates of 
asphalt binder and repair the bond between binder and aggregates. Theoretically, heat 
was generated due to the dominant Joule effects through the conductive components 
under induction process [65]. The induction healing of asphalt composites containing 
conductive fibers were investigated at TU Delft [47, 52, 54, 65-68].    
        Researchers used the cohesive zone modeling (CZM) techniques to simulate crack 
propagation for years effectively [70-72]. The CZM techniques employ the relations 
between crack opening displacement and surface traction [73]. In the early 1933, the 
idea of cohesive traction relation was applied by Prandtl [74] to predict the debonded 
zone length between two slender beams. Barenblatt [75] introduced the CZM to study 
the atoms interacting forces near crack tip of brittle materials in the 60s. Xu and 
Needleman [76] have established a potential-based cohesive zone model by combining 
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exponential cohesive elements with finite element mesh in the 90s. To date, the CZM 
techniques have been developed to simulate the fracture behavior for both 
homogeneous and heterogeneous materials and also tailored to suit the application 
needs and constraints, such as [77-79]. These techniques have solved the singularity 
issue that has been encountered in many fracture mechanic studies [80]. In the last 
decade, many applications of civil engineering material utilized the CZM techniques 
[81, 82]. The CZM techniques was used to predict concrete fracture behavior through 
three-point beam bending test and bilinear softening approach [71]. Fracture energy 
and material strength as the input parameters for the bilinear CZM model were 
determined by the three-point beam bending test and the correlation between fracture 
energy and phase properties was demonstrated [83].  
        The main objective of this study is to evaluate the healing performance and 
fracture strength recovery ratios of samples after cyclic fracture-induction healing tests. 
At the beginning, asphalt concrete beams with steel wool fibers and single-edged notch 
on the bottom were prepared. Secondly, the cyclic fracture-induction healing tests were 
implemented to obtain the peak load values at -20 oC on different induction healing 
temperatures, 60 oC, 80 oC and 100 oC. Moreover, the simulation model using cohesive 
zone theory and finite element method was adapted to simulate the crack path of 
asphalt concrete beam using digital imaging analysis. Then standard three-point 
bending test was conducted to validate the cohesive fracture model by comparing the 
experimental results with numerical simulation. Afterwards, the fracture properties 
including the peak separation stress and fracture energy were proposed for fracture-
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healing cyclic simulation to predict the loading-displacement curves for different 
cycles. Finally, the cohesive model simulation with proposed fracture properties have 
favorable prediction on the recovered fracture strength by comparing the difference 
between the experimental and numerical results. 
3.2 Fracture-induction healing test results of asphalt concrete samples 
3.2.1 Steel wool asphalt mixture design 
        The materials used in this study for the preparation of asphalt concrete beams 
were aggregates, asphalt binder and steel wool fibers. The aggregates which obtained 
from a local source in Hancock, Michigan contained natural sand and crushed gravel, 
with an average density of 2.72 g/cm3, while The asphalt binder used was PG 58-28 
with a density of 1.024 g/cm3. The steel wool fibers were Type 1 with an approximate 
length of 6.5 mm, diameter of 0.08 mm and density of 7.6 g/cm3.  
        The aggregate gradation for the asphalt concrete beam preparation is shown in 
Table 3.1.  The steel wool fiber added in the beam samples was approximately 8% of 
the binder by volume and the binder content is 5.5% of the mixture by weight. This 
percentage was determined by balancing the sample electrical resistivity, thermal effect 
and mixing workability.   
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Table 3. 1 Aggregate gradation of asphalt concrete mixture. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 714.1 
3/8 9.5 7.7 916.5 
No. 4 4.75 18.1 2154.3 
No. 8 2.36 19 2261.4 
No. 16 1.18 10.8 1285.4 
No. 30 0.6 10.6 1261.6 
No. 50 0.3 12.8 1523.5 
No. 100 0.15 8.3 987.9 
No. 200 0.075 2.2 261.8 
Pan powder <0.075 4.5 535.6 
 
3.2.2 Cyclic fracture-induction healing test of asphalt concrete material 
        The induction heating system consists of alternating magnetic field generator, 
induction copper coil and water chilling system. Metal material has ability to produce 
eddy current while locating in the magnetic field from Faraday’s law. The induction 
heat was generated with Joule’s effect. Above the binder transition temperatures (40 oC 
to 70 oC, depends on the components and properties of asphalt), the asphalt behaviors 
as Newtonian fluid. The crack in the asphalt concrete could be filled due to binder 
capillary flow. 
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        The fracture-healing tests of asphalt concrete samples were conducted with elastic 
supported beam bending tests as reported in our previous paper [4]. Compared to the 
natural healing process of asphalt binder, induction healing can accelerate the healing 
rate of asphalt binder and is able to heal the micro-cracks within asphalt concrete 
through the capillary flow and interface wetting of asphalt binder. The measured peak 
load of asphalt concrete samples of original and healed samples were given in Table 3-
2. In this fracture-healing cyclic testing research, nine asphalt concrete samples was 
conducted for eight fracture-healing cyclic tests. 
Table 3. 2 Experimental peak load of asphalt concrete samples. 
Sample 1st 
loadin
g (N) 
2nd 
loadin
g (N) 
3rd 
loadin
g (N) 
4th 
loadin
g (N) 
5th 
loadin
g (N) 
6th 
loadin
g (N) 
7th 
loadin
g (N) 
8th 
loadin
g (N) 
No.1 4593.6 3968.1 3560.6 2634.6 2495.8 2623.3 2455.5 2264.2 
No.2 4512.2 3472.2 3335.6 3064.4 2957.2 2929.1 3134.8 2863.3 
No.3 5158.0 4337.7 3390.4 3425.6 3008.1 2429.8 2160.5 damage 
No.4 3608.9 3708.5 2714.8 2555.1 2322.8 2203.6 2170.7 1832.9 
No.5 4325.8 4431.7 3710.2 3742.6 3668.1 3657.6 3297.1 2733.1 
No.6 4961.5 4341.0 3973.0 3888.4 3412.3 3168.7 2860.4 2800.1 
No.7 4605.0 4424.4 3644.2 3571.6 3385.0 2941.5 2519.9 2324.9 
No.8 4862.0 4652.4 4470.0 3963.2 3631.7 3442.3 3282.2 3055.3 
No.9 4661.4 4870.3 4223.8 3819.5 3738.4 3666.8 3585.8 3450.9 
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3.3 Cohesive fracture model and numerical implementation 
3.3.1 Bilinear cohesive zone model 
        The CZM can simulate crack growth in the fracture zone prior to a crack tip based 
on the nonlinear constitutive laws. The constitutive laws can be expressed with the 
displacement jump,   and traction, t  along interfaces for simulating fracture behavior, 
for instance, crack nucleation, initiation, and propagation [84]. The traction has zero 
value at the crack tip and maximum value at the cohesive zone tip. That is, the material 
crack tip is where the material experiences total failure, while the cohesive zone tip is 
where the crack is initiated with the highest cohesive bonding. The region between the 
material crack tip and the cohesive zone tip is the cohesive zone where nonlinear 
fracture behavior occurs. The cohesive traction existed in the cohesive surfaces due to 
an applied external force. As the displacement jump increases, the corresponding 
traction increases to peak value, and decays to zero monotonically. The cohesive 
parameters affecting the traction-separation responses include maximum separation 
stress, critical displacement, and cohesive fracture energy (see Figure 3.1). 
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  (a)                                                             (b) 
Figure 3. 1 Demonstration of the fracture-induction healing test: (a) modified bending 
test of asphalt concrete beam with elastic foundation and; (b) asphalt concrete beam 
healing. 
        Different cohesive laws have been proposed to develop CZM techniques such as 
exponential cohesive law and bilinear cohesive law [76, 84]. The characteristic of 
bilinear cohesive law is the cohesive zone compliance could be reduced through 
adjusting initial slope before softening point [72]. Figure 3.2 demonstrates the plot of 
the bilinear cohesive law, showing normalized normal traction with respect to non-
dimensional normal opening displacement for mixed-mode fracture behavior. The plot 
demonstrates an elastic relationship before the peak load and a softening curve which 
composes of various damages in the fracture process zone after the peak load for 
different ratios of open and shear displacements (0, 0.1 and 0.3). When the ratio is 0, it 
means the shear force is 0. When the ratio is 0.1 and 0.3, the shear force and normal 
force are both considered. 
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Figure 3. 2 A cohesive law in accordance with normalized traction and normalized 
displacement jump for different ratios of shear sliding to critical displacement. 
        The non-dimensional effective displacement ( e ) and effective traction ( et ) are 
shown as followings [72]: 
n s
e
c c
 

 
   
    
   
2 2
                                         (3-1) 
e n st t t 
2 2           (3-2) 
where n  and s  denote the normal displacement and shear sliding on crack surface, 
respectively; c  is the critical displacement corresponding to zero traction; nt  and st  
are the normal and shear tractions, respectively. The relations of normal and shear 
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tractions with respect to open and shear displacements [72] are described at pre-failure 
and post-failure stages as followings: 
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where cr  denotes non-dimensional critical displacement corresponding to the 
maximum traction . Meanwhile, the tangent modulus matrix ( C ), is a result of 
differentiation of traction with respect to the relative displacements, as followings: 
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where the components of the tangent modulus matrix for two stages [72] are given as 
followings: 
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and 
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The cohesive fracture energy (Gc) is the area under the normalized displacement-
traction curve (as shown in Figure 3.2) which also equivalents to: 
1
2
c c cG                        (3-7) 
3.3.2 Numerical implementation of bilinear cohesive zone model 
        The ABAQUS user-defined element (UEL) subroutine was applied to implement 
the CZM for material fracture behavior studies [70, 72, 81, 84]. In this study, the user 
interface elements were developed by using the UEL subroutine. In finite element 
mesh, the elements along the crack path combined with cohesive elements were 
utilized to simulate the fracture behavior of material. Figure 3.3 demonstrates a four-
node interface cohesive element in the CZM, by using the boundaries of two adjacent 
constitutive elements. The ordering of the node number is in counter-clockwise 
direction. Nodes 1 and 2 are located along one element boundary while Nodes 3 and 4 
are along the boundary of the other adjacent element. The X-Y coordinate system 
refers to the global coordinates while n-s coordinate system refers to the local 
coordinates. The force vector and the tangent stiffness matrix are first defined in the 
local coordinate with the bilinear cohesive law. The global matrices can be obtained 
through the transformation matrix with T with the orientation angle [72]. 
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Figure 3. 3 Schematic drawing of a 4-node linear cohesive element. X and Y indicate 
global coordinates, while s and n indicate local coordinates. The variables 
2
Xu  and 
2
Yu  
denote the displacement of node 2 in global coordinates. The variables 
(2,3)
Xδ  and 
(2,3)
Yδ  
represent the relative opening displacement of node 2 and 3. The variables δs and δn are 
the shear sliding and normal displacement in the local coordinates, respectively. 
        With two degrees of freedom at each node, the global displacement vector of the 
cohesive elements is given as: 
1 1 2 2 3 3 4 4[ ]
Tu v u v u v u vU                      (3-8) 
where u and v denote the global displacement in the X and Y directions, respectively. 
The subscripts indicate the node numbers. T indicates the transpose of the vector 
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matrix. The relative normal and shear displacements between the Nodes 1 and 2 and 
Nodes 3 and 4 can be obtained from the global nodal displacement vector through B 
matrix [72].  
        With isoparametric finite element formulation, the global nodal force vector, f and 
global tangent stiffness matrix, k of the cohesive element can be obtained as followings: 
1
1
T dη

 f B t J                           (3-9) 
1
1
T dη

 k B CB J                        (3-10) 
where J denotes the Jacobian matrix between reference and original coordinates, C is 
the tangent modulus matrix with Equation (3-6) and (3-7), t is the traction vector that 
can be obtained from Equation (3-4), and B is the operation matrix between local 
normal/shear relative displacement vectors with nodal global displacement vector. This 
numerical scheme was defined in the UEL subroutine. The bilinear CZM technique 
was used to predict the crack growth behavior under mechanical loadings in the 
following sections.  
3.4 Cohesive fracture simulation and comparison of three-point bending tests 
3.4.1 Measurement of fracture parameters for sample simulation 
        The three-point bending test was conducted to obtain the fracture energy and peak 
separation stress as two major input parameters for the cohesive fracture model, as 
shown in Figure 3.4. The crack tip opening displacement (CTOD)-controlled beam 
bending test was conducted with the MTS machine, with a loading speed of 5 mm/min. 
Fracture energy was determined by calculating the area under the load-CTOD curve 
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and normalizing with the cross-sectional area of the sample [84]. Two knife edges were 
attached on both sides of the top notch of the beam with a distance of 20 mm. The 
CTOD was measured by a clip-on gage while applying the load on the top of the beam. 
Before the beam bending tests, the samples were conditioned at – 10oC for 6 hrs. 
Normally, the largest crack width appears on the top of the notch. At the peak loads, 
the corresponding crack tip opening displacement was in the range of 0.4 mm to 0.7 
mm. Three single-edge notched beams (Sample No. 1, No. 2 and No. 3) were 
experienced to the standard three-point beam bending test to obtain the fracture energy 
of the asphalt concrete material. The curves of Load-CTOD of samples were obtained 
and the areas under those curves were calculated. Then the cross-sectional areas of the 
three samples were calculated by using the heights and thicknesses measured with a 
caliper. After calculation suing the method mentioned above, three fracture energy 
values were obtained as 1043, 1074 and 1188 J/m2 for samples No.1, No.2 and No.3, 
respectively. The fracture energy of sample No.2, 1074 J/m2, was chosen as the input 
fracture energy for the cohesive fracture simulation of three-point beam bending tests.  
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Figure 3. 4 Demonstration of three-point beam bending test, including cross head, 
anvil and clip-on gauge. 
        The peak separation stress of the sample No.2 was calculated by the equation in 
the below: 
max 2
3
2
F L
B H

 

 
                                                                                                       (3-11) 
where F is the force applied on the beam, L is the span which is twice as the beam’s 
height in this study, H is the middle sectional-area of the beam and B is the beam 
thickness. After calculation with the dimensions of the samples and the maximum 
loads by Equation (3-11), the maximum separation stress was calculated as 7.48 MPa. 
So, fracture energy 1074 J/m2 and maximum separation stress 7.48 MPa were used as 
the two major input parameters to prove the validity of the cohesive zone model by 
simulating the fracture behavior of three-point beam bending test. The details about the 
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simulation of beam on three-point bending test compared with experimental results 
were discussed in Section 3.4.2.  
3.4.2 Comparison of simulation and experimental data of three-point beam 
bending tests 
        The crack path simulation in this research was based on the real crack 
configuration located in the middle of the asphalt concrete sample. The picture of crack 
was processed by digital imaging analysis method. Then the pixels representing the 
crack was established connections with cohesive zone model by finite element method. 
During the cracking simulation, different boundary conditions were applied based on 
the types of fracture tests. Figure 3.5 (a) shows the image of cracked asphalt concrete 
beam conducted by the three-point beam bending test. The crack path of Sample No. 2 
is located in the middle sectional-area. The pixel resolution of camera was 1024 
by1280. Then a local image of the crack path was selected by Image J and with pixels 
160 by 640. Afterwards, the pixels of that image were further decreased to 16 by 64 by 
using a scale factor 0.1 in order to decrease the computational work. 
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(a) 
 
(b) 
 
(c) 
Figure 3. 5 Schematic simulation of crack path of asphalt concrete specimen on three-
point beam bending test (a) crack path on asphalt concrete specimen; (b) simulation 
including the geometry and the mesh, and; (c) magnified mesh with detailed crack path 
(light grey-aggregates and dark grey-mastic). 
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        The plane stress triangle-shaped elements were applied in this study. Compare to 
the rectangle-shaped elements, triangle-shaped elements provided more accurate results 
in simulating the irregular crack path inside of asphalt concrete beam. The method of 
defining crack path from imaging processing was explained below. Firstly, coordinates 
of image pixels in the real crack path were obtained by using Image J. Then, these 
pixels were transferred to nodes that were used to form the elements. Afterwards, crack 
path in the simulation was defined as the common boundaries between elements 
mentioned above. Finally, the bilinear cohesive zone elements were setup on the 
common boundaries based on image processing for simulating crack path and force-
displacement behaviors of samples. The finished 2D asphalt concrete beam model 
conducted by three-point beam bending test is shown in Figure 3.5 (b). The boundary 
condition in the simulation was setup as fixed constraints on the left side and a roller 
support on the right side. Figure 3.5 (c) shows the magnified mesh detail of crack path. 
It can be easily identified that two different types of elements were located on both 
sides of the crack. The light grey elements indicated the aggregates and the dark grey 
elements represented the mastic. The distinguishing method was based on the greyscale 
intensity of image pixels. When the greyscale intensity of a pixel exceeded the value of 
110, it was defined as aggregate. Likewise, pixels were defined as mastic if their 
greyscale intensity were below a chosen threshold value of 110. Mesh refinement was 
applied in the middle portion of beam sample to better represent the irregular crack 
path. Then the model with calibrated fracture parameters was implemented to validate 
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the model simulation by comparing the experiment and simulation results on loading-
displacement curves. 
        The experimental peak loads of the three samples were 3426.4, 3763.8, and 
3329.6 N, respectively, as shown in Figure 3.6. The finite element model for asphalt 
concrete was reconstructed based on the digital images of the sample No.2. The peak 
load obtained from the numerical simulation was 3649.6 N which is relatively 3.03% 
lower than the experiment results. The comparison between the simulated and tested 
loading-displacement curves was shown in the Figure 3.6. While the load in the 
simulation dropped slightly quicker than that in the experiment, the overall patterns of 
the curves agreed well with each other. This indicates that the bilinear cohesive zone 
model is capable to simulate the fracture behavior of asphalt concrete with steel wool 
fibers under three-point beam bending test.  
 
Figure 3. 6 Comparison between numerical and experimental results for three-point 
bending test of asphalt concrete specimens. 
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3.5 Fracture simulation of samples with measured fracture energy 
3.5.1 Fracture simulation of original samples with defined crack path 
        In this section, experimental setup of the beam bend test was modified by using an 
elastic foundation to replace the two rigid supports. The reason to do this is to control 
the crack width so that we can do the multi-cycle loading after induction healing.  In 
the multi-cycle loading, the loading was stopped just after the peak load is reached. 
First, the crack path of the sample No. 1 after the first cycle loading was captured with 
the high resolution camera, as shown in Figure 3.7 (a). Afterward, the middle section 
of the image was cropped out and the resolution was rescaled to a proper pixel size of 
40 by 188, as shown in Figure 3.7 (b). Then all the pixels were transferred to nodes. 
The three-node triangle element mesh was subsequently generated by connecting the 
pixel nodes. The element refinement was furtherly applied in the middle portion of the 
sample to allow crack to propagate freely. The topology scheme was applied in the 
transition zones with different element sizes. The boundary condition in the modified 
bending test was different compared than that used in the three-point beam bending test. 
It was set up as an elastic foundation in which the bottom nodes were connected with 
spring elements, as illustrated in Figure 3.7 (c). The aggregate particles (light grey) and 
asphalt mastic (dark grey) were identified from the digital image so that a 
heterogeneous model was reconstructed for the middle section of the sample. The 
notch located on the bottom of the model was created by removing some elements 
according to the real notch size of sample. The elastic modulus of the rubber 
foundation as the input parameter was obtained in the lab. The machine applied a load 
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on a steel cylinder above the rubber foundation. The loading value and the 
corresponding displacement of steel cylinder were recorded. After measuring the 
contact area between the steel cylinder and rubber foundation, the thickness of rubber 
foundation, the stress and strain of foundation were computed. Then the elastic 
modulus of the foundation, 9.28 MPa, was calculated as the stress divided by the strain. 
The middle section of the model was magnified in order to show the crack path clearly 
shown in Figure 3.7 (d). 
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(a)                                                                                 (b)                                       
 
(c) 
 
(d) 
Figure 3. 7 Schematic simulation of crack path of asphalt concrete sample on fracture-
healing test: (a) Global crack path area; (b) scaled local crack path area (scale factor, 
0.2); (c) cracking mesh configuration and mesh detail of crack path; (d) magnified 
mesh with detailed crack path and indicated material phases (light grey-aggregate and 
dark grey-mastic). 
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3.5.2 Comparison of simulated and measured fracture peak load of original beam 
samples  
        The simulation was also conducted with the exactly predefined crack path as the 
fracture samples as shown in Figure 3.7 (d). By including these microstructure features, 
the loading-displacement comparison between numerical and experimental results of 
sample No.1 on the first loading were demonstrated in Figure 3.8. In the peak to peak 
fracture healing tests, the loading curve only includes the recorded data up to peak 
loads. The computational simulation were conducted up to and beyond the peak loads. 
It is observed that simulation results have good agreement with experimental data (up 
to the peak loadings). Thus, the simulating model of asphalt concrete sample on 
modified beam bending test was effective. 
 
Figure 3. 8 Comparison between numerical and experimental results for modified 
bending test of asphalt concrete sample No. 1 on the first loading. 
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3.6 Fracture simulation of recovered fracture strength of healed samples with 
calibrated fracture energy 
3.6.1 Calibration of fracture energy of healed samples based on peak load ratios 
        In order to investigate the recovered peak loads of asphalt concrete beam samples, 
the cyclic fracture-healing test was simulated. The cohesive model was applied with 
two input parameters, fracture energy and peak separation stress. As observed from 
experimental data in Table 3-2, the fracture energy of each asphalt concrete sample 
decreased with fracture-healing cycles. These are caused by the partial healing due to 
limited binder content. According to the bilinear cohesive law (Equation (3-8)), similar 
trends were assumed for the peak separation stress and critical displacement. Therefore, 
the model parameters were selected with the following proposed rules for simulation 
inputs. 
        The cohesive fracture simulation was conducted on sample No. 1-3 (tested with 
healing temperature of 60 oC). The scaling ratio was defined as the value of recovered 
peak load divided by the maximum peak load, 5158.0 N from sample No.3 on the first 
loading shown in Equation (3-12).  
j
j Ri
F i
M
F
R
F
                                                                                                                  (3-12) 
where FR  indicates the scaling ratio, RF  is the recovered peak load, MF is the 
maximum peak load, 5158.0 N, subscript i  denotes the No. of sample ( i = 1, 2, 3, …, 
9), superscript j  denotes the thj  loading on samples ( j  = 1, 2, 3, …, 8). Then the 
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recovered maximum separation stress was determined by scaling ratio timed by 
original peak separation stress described in Equation (3-13).  
j j
RM i F i oR                                                                                                          (3-13) 
where RM  is the recovered maximum separation stress, o  is the original peak 
separation stress. The Equation (3-14) represents the recovered fracture energy 
calculated by the original fracture energy timed by the square of scaling ratio due to the 
both reduction of maximum separation stress and failure displacement during the 
facture-healing cycles.  
 
2
j j
Ri o F iE E R                                                                                                       (3-14) 
where RE  indicates the recovered fracture energy, oE  denotes the original fracture 
energy, 1074 J/m2. Figure 3.9 represents the reduction of fracture energy (area of the 
triangle) due to the decline of maximum separation stress and critical displacement for 
four cycles of fracture-healing test. The ratio of critical displacement (corresponding to 
peak load) vs. failure strain was chosen as 0.1 based on the experiments. 
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Figure 3. 9 Illustration of relation between traction and displacement on four-time 
loading. 
3.6.2 Detailed comparison of simulation and experiment of one healed beam 
sample 
        The fracture energy obtained from three-point bending test, 1074 J/m2, was 
regarded as the input parameter for original 2D model of asphalt concrete samples. The 
peak load of  sample No.3, 5158.0 N, is the maximum value of all the samples as listed 
in Table 3-2. Besides, it was found that 6.2 MPa was the maximum peak separation 
stress with numerical peak load, 5176.3 N, by implementing the model with defined 
crack path and imposed cohesive zone elements. In other words, the simulated peak 
load was very close to the experimental peak load, which was determined by two input 
parameters, the original fracture energy, 1074 J/m2 and original peak separation stress, 
6.2 MPa. 
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        For instance, the peak load of the sample No.1 was 4593.6 N from initial fracture 
experiments. Thus, the scaling ratio for sample No. 1 on initial fracture was 0.891 from 
4593.6 N divided by 5158.0 N. In this simulation, this scaling ratio of recovered 
maximum separation stress and recovered critical displacement were assumed as the 
same value. So, the recovered maximum separation stress (RMSS) value of sample No. 
l on initial fracture was 5.522 MPa from 0.891 timed by original peak separation stress, 
6.2 MPa. Afterwards, the facture energy of sample No. 1 from initial fracture was 
852.6 J/m2 from 0.8912 timed by original fracture energy 1074 J/m2. To date, fracture 
energy 852.6 J/m2 and separation stress 5.522 MPa were inputted for 2D simulation of 
reloading behavior. The simulating peak load was 4652.6 N shown in Table 3.3.  
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Table 3. 3 Numerical results of asphalt concrete samples. 
Sampl
e 
1st 
loadin
g (N) 
2nd 
loadin
g (N) 
3rd 
loadin
g (N) 
4th 
loadin
g (N) 
5th 
loadin
g (N) 
6th 
loadin
g (N) 
7th 
loadin
g (N) 
8th 
loadin
g (N) 
No.1 4652.6 4008.7 3588.7 2656.5 2457.6 2642.6 2386.4 2079.3 
No.2 4552.4 3470.2 3253.8 3055.3 2982.4 2959.6 3094.3 2903.1 
No.3 5167.3 4316.0 3347.4 3402.9 3018.6 2333.3 2050.9 None 
No.4 3649.6 3764.8 2754.9 2550.9 2091.0 2063.6 2053.8 1860.7 
No.5 4391.5 4446.8 3767.2 3800.0 3719.3 3707.1 3178.3 2775.3 
No.6 5018.8 4320.4 4012.5 3939.9 3381.9 3110.2 2899.8 2844.2 
No.7 4665.3 4436.1 3691.4 3602.4 3340.7 2969.8 2496.3 2092.0 
No.8 4929.8 4720.1 4498.3 4004.5 3675.9 3425.7 3153.2 3050.0 
No.9 4729.7 4937.9 4179.2 3876.4 3796.5 3718.7 3620.2 3439.7 
 
3.6.3 Comparison of predicted and measured recovered fracture strength for all 
tested samples 
        Following similar procedures, the calculated maximum separation stresses and 
fracture energies on eight cycles of fracture test were inputted to simulate the peak 
cyclic fracture-healing test for sample 1-3. Figure 3.10 shows the load-CTOD 
simulating curve of samples No. 1, No. 2 and No. 3 at the healing temperature of 60 oC. 
The simulation results of peak load listed in Table 3.3 were compared with the 
experimental data shown in Table 3.2. The relative difference was defined as absolute 
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value of experimental value subtracted by numerical value divided by experimental 
value, was shown in Table 3.4. It is observed that the average relative difference was 
1.63 % when the healing temperature is 60 oC, indicating that the simulated fracture 
strength has a good agreement with the recovered fracture strength from experiment. 
Table 3. 4 Relative difference between experimental results and numerical results. 
Sampl
e 
1st 
loadin
g (%) 
2nd 
loadin
g (%) 
3rd 
loadin
g (%) 
4th 
loadin
g (%) 
5th 
loadin
g (%) 
6th 
loadin
g (%) 
7th 
loadin
g (%) 
8th 
loadin
g (%) 
No.1 1.28 1.02 0.79 0.83 1.53 0.73 2.82 8.17 
No.2 0.89 0.06 2.45 0.30 0.85 1.04 1.29 1.39 
No.3 0.18 0.50 1.27 0.66 0.35 3.97 5.07 None 
No.4 1.13 1.52 1.48 0.17 9.98 6.35 5.38 1.52 
No.5 1.52 0.34 1.54 1.53 1.40 1.35 3.60 1.55 
No.6 1.15 0.47 0.99 1.33 0.89 1.85 1.38 1.58 
No.7 1.31 0.27 1.29 0.86 1.31 0.96 0.94 10.02 
No.8 1.40 1.46 0.63 1.04 1.22 0.48 3.93 0.17 
No.9 1.47 1.39 1.06 1.49 1.56 1.41 0.96 0.32 
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(a) 
 
(b) 
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(c) 
Figure 3. 10 Numerical results of asphalt concrete beam on healing temperature 60 oC: 
(a) sample No. 1; (b) sample No. 2; (c) sample No. 3. 
        Similarly, the cohesive fracture simulation was conducted on beam sample No. 4-
6 (tested with healing temperature of 80 oC). Figure 3.11 presents the load-CTOD 
simulating curve of sample No. 4, No. 5 and No. 6. The average relative difference was 
2.08 %. Likewise, the cohesive fracture simulation was implemented for beam sample 
No. 7-9 (tested with healing temperature of 100 oC). Fig. 12 represents the load-CTOD 
simulating curve of sample No. 7, No. 8, No. 9. The average relative difference was 
1.54 % obtained from Table 3.4. Therefore, the simulated fracture strengths have 
satisfactory agreements with the recovered fracture strength from experiments with 
healing temperatures 80 oC and 100 oC. 
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(a) 
 
(b) 
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(c) 
 
Figure 3. 11 Numerical results of asphalt concrete beam on healing temperature 80 oC: 
(a) sample No. 4; (b) sample No. 5; (c) sample No. 6. 
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(c) 
Figure 3. 12 Numerical results of asphalt concrete beam on healing temperature 100 oC: 
(a) sample No. 7; (b) sample No. 8; (c) sample No. 9. 
        By comparing the model prediction and experimental data, the average relative 
difference of all these nine samples was 1.75%. The results showed the relative 
differences among the three healing temperatures were all very low. The comparison 
data also indicated that implemented finite element fracture model with bilinear 
cohesive law was effective and reliable for predicting the recovered fracture strength 
after fracture-healing test cycles.             
3.7 Conclusions 
        In this presented work, the cohesive zone model and finite element method were 
utilized to study the strength recover of asphalt concrete beam during the cyclic 
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fracture-healing test. Based on the experimental and simulation results, some 
conclusions can be drawn. 
        Firstly, in the crack path simulation, it was found that finite element models with 
triangle-shaped elements can simulate crack path propagation more accurately than that 
with rectangle-shaped elements. Secondly, the bilinear cohesive zone law can 
effectively capture the relation between separation stress and displacement along the 
crack path. It was proved that the bilinear cohesive zone model could be used for three-
point beam bending test and modified beam bending test with an elastic foundation of 
asphalt concrete. Thirdly, the numerical results showed that the fracture energy of 
asphalt concrete sample decreased gradually with the fracture-healing cyclic test. At 
the same time, it was clear that the fracture energy decreased due to by the reduction of 
both maximum separation stress and critical displacement after each fracture-healing 
cyclic test.  
        The cohesive fracture simulation were conducted with scaled fracture energy and 
peak separation stress from experimental data to predict the recovered peak loads after 
each fracture-healing cycle. The predicted peak loads have a good agreement with the 
experimental results. The  average relative difference between the predicted peak load 
and the experimental peak load was low as 1.75%. These favorable comparison 
indicated that numerical simulation using finite element method and cohesive zone 
model is capable to predict the fracture recovered strength after fracture-healing cycles. 
This result could offer great help on highway maintenance if the field sample is 
obtained. Then the cohesive zone model with defined crack based on the sample could 
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be employed to evaluate the pavement performance and to decide the maintenance 
method. In the future work, the fracture simulation will be extended to the 
displacement (CTOD) controlled fracture-healing cyclic studies with induction healing 
process. 
  
122 
CHAPTER 4 EXPERIMENTAL TESTS ON CARBON FIBER MODIFIED 
ASPHALT MIXTURE BEAM SAMPLES 
4.1 Introduction 
        Asphalt, graded asphalt and air voids consist of asphalt mixture [85]. As one of 
the critical component, asphalt binder regarded as a temperature-dependent material 
behaves as viscoelastic solid at low temperature and viscous flow at high temperature 
[4]. The durability and service life of pavement are affected by the large scale traffic 
loads and changeable climatic conditions [86]. In addition, the pavement performance 
could be weakened by the developing microcracks and other pavement distresses [52]. 
Therefore, the pavement surface needs to be maintained frequently. 
        Asphalt mixture has the ability to repair its damage during the service life called 
self healing [64]. The healing process is controlled by two factors, temperature and rest 
periods [33, 87]. When the external energy is input to the pavement system, cracks 
generated by the traffic and freeze-thaw cycles could be healed [88]. The healing 
behavior studied by Shen et al. [12] was a complicated process combined with 
capillary flow, molecules wetting and intermolecular diffusion. In addition, the crack 
size, material type and other factors could affect the self-healing process [11, 14, 41]. 
        Carbon fiber, as a type of modifier, was added to asphalt material to improve the 
performance by many researchers. Yang et al. [89] utilized carbon fiber into the 
transportation system to improve the deicing technology. Liu et al. [90] proposed that 
the conductive asphalt concrete within graphite and carbon fiber was valid for the self-
monitoring of strain and stress. In addition, after measuring the mechanical and 
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electrical properties of graphite and carbon fiber modified asphalt concrete, Liu and 
Wu [91] found the carbon fiber could increase the Marshall stability, residual stability 
and rutting dynamic stability. Khattak et al. [92] believed that the carbon nanofibers 
modified asphalt binder could increase the complex shear modulus of asphalt binder 
and fatigue life of asphalt mixture. 
        Some scientists studied the relationship between the carbon fiber and microwave. 
For instance, Qing et al. [93] investigated the microwave electromagnetic properties of 
carbon fiber as conductive absorber filled insulating epoxy/silicone resin coatings and 
the complex permittivity of the coatings increased when the content of carbon fiber 
increased. The reflection properties of the composites were affected by the element 
configurations of inductive activated carbon fiber felt screens, found by Zhao et al. [94]. 
Hashisho et al. [95] proposed that the density of functional groups by chemical 
treatment of activated carbon fiber cloth significantly affected its microwave and 
electrical regeneration properties. Cao and Song et al. [96] believed that the microwave 
absorption of carbon fiber/silica composites varied with the changes of thickness and 
temperature. 
        The objective of this research is to investigate the thermal property, electrical 
property and microwave healing effect of the carbon fiber modified asphalt mixture. 
First, two types of carbon fiber, HexTow IM8 and AS4 were added to the asphalt 
mixture to produce the beam samples. Then, the thermal conductivity and electrical 
resistivity of the samples were measured and calculated, respectively. Moreover, the 
124 
cyclic fracture-microwave healing tests were implemented to evaluate the healing 
effect of the samples. 
4.2 Asphalt mixture design and sample preparation 
        In this research, five types of asphalt mixture samples were prepared as the tested 
samples, including control, IM8 carbon fiber (2% and 4% by weight of asphalt mixture) 
modified and AS4 carbon fiber (1.5% and 3% by weight of asphalt binder) modified 
asphalt mixture, respectively.  
4.2.1 Control and carbon fiber modified mixture design 
        The asphalt binder used in the mixture was PG 58-28 with a density of 1.024 
g/cm3. The aggregates consisting of mixture were from Hancock, Michigan with an 
average density of 2.72 g/cm3. The amount of asphalt used for the mixture samples was 
5.7% by weight of the mixture determined by the test of the optimum asphalt content 
based on Superpave 5E1 mix design. The aggregate gradation of the asphalt mixture is 
shown in Table 4.1. 
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Table 4. 1 Aggregate gradation of asphalt mixture. 
Sieve 
Size 
(No.) 
 
Weight 
(gram) 
 
¾” x ½” ½” x ¼” ¼” 
minus 
washed 
Natural 
Sand 
Washed 
Natural 
Sand 
1/2 inch 720.0 198.0   108.0 414.0 
3/8 inch 924.0  254.1  138.6 531.3 
No. 4 2172.0  367.6 835.4 200.5 768.6 
No. 8 2280.0   1055.6 253.3 971.1 
No. 16 1296.0   600.0 144.0 552.0 
No. 30 1272.0   588.9 141.3 541.8 
No. 50 1536.0   711.1 170.7 654.2 
No. 100 996.0   461.1 110.7 424.2 
No. 200 264.0   122.2 29.3 112.4 
Pan 540.0   250.0 60.0 230.0 
 
        The carbon fibers used were HexTow IM8 and AS4, from Hexcel Co.. IM8 
carbon fiber is a continuous, high performance, intermediate modulus, PAN based fiber 
in 12,000 filament count tows. The tensile strength is 6067 MPa. The tensile modulus 
(Chord 6000-1000) is 310 GPa. The ultimate elongation at failure is 1.8%. The density 
is 1.78 g/cm3. The filament diameter is 5.2 microns. All the IM8 carbon fibers were 
first hand cut to 1/4” then mixed with the asphalt mixture. The amount used of IM8 
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was 2% and 4% of the asphalt mixture by weight. AS4 carbon fiber is a continuous, 
high strength, high strain, PAN based fiber in 3000 filament count tows. The tensile 
strength is 4619 MPa. The tensile modulus (Chord 6000-1000) is 231 GPa. The 
ultimate elongation at failure is 1.8%. The density is 1.79 g/cm3. The filament diameter 
is 7.1 microns. All the AS4 carbon fibers were pre-cut to 1/4” and glued in order to 
keep the strength. Then they were mixed with asphalt mixture. The amount used of 
AS4 was 1.5% and 3% of asphalt binder by weight. 
4.2.2 Mixture beam sample preparation 
        In this study, the samples used were beams with a length of 190 mm, width of 50 
mm and height of 69 mm. In addition, a 23 mm deep, 3 mm wide notch was sawn in 
the center of the beams to control the initial cracking position. For each beam sample, 
two knife edges were glued on the top notch for measuring the crack tip opening 
displacement by a clip-on gauge. Consequently, 3 beam samples were prepared for 
each mixture type, control, 2% and 4% IM8 modified, 1.5% and 3% AS4 modified 
asphalt mixture beam samples. Therefore, 15 beam samples were produced for the 
whole cyclic fracture-microwave healing tests discussed in the following sections. 
4.3 Mechanism of microwave healing and properties measurement of asphalt 
mixture 
4.3.1 Mechanism of microwave healing of asphalt mixture 
        The carbon fibers have the ability to absorb the energy when locating in the 
microwave field. When absorbing the energy, the temperature of the carbon fibers 
increase. Then the heat is transferred to the asphalt and aggregate. In this transfer 
127 
process, the temperature-dependent asphalt behaves as Newtonian flow to fill the 
cracks in the mixture. The crack healing process could be regarded as a combination of 
capillary flow induced by surface tension force, gravity of liquid asphalt and friction 
between aggregate particles and flowing asphalt. The recovered strength is mainly from 
two aspects. One is the molecules diffusion in asphalt, the other is the rebinding of 
asphalt and aggregates. Figure 4.1 displays the mechanism of microwave healing of 
asphalt mixture. In this study, the healing effect of carbon fibers modified asphalt 
mixture was investigated in the following sections. 
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Figure 4. 1 Schematic demonstration of microwave healing mechanism for carbon 
fibers modified asphalt mixture. 
4.3.2 Thermal conductivity of asphalt mixture beams 
        In this study, a KD2 Pro thermal property analyzer from Decagon Devices Inc. 
was utilized to measure the thermal conductivity of carbon fiber modified asphalt 
mixture samples based on transient line heal source methods, displayed in Figure 4.2 (a) 
129 
[97, 98]. The heat generated by a needle TR-1 sensor (length of 10 cm, diameter of 2.4 
mm) inside the sample formed gradient temperature. Then the sensor detected the 
temperature variation and recorded the data. The thermal conductivity was calculated 
by Equation (4-1) and (4-2): 
0 1 2 lnT m mt m t                                                                                                      (4-1) 
where T  is the recorded temperature, 0m  denotes the environmental temperature, 1m  
is the varying rate of the background temperature, 2m  indicates the temperature drifting 
of the tested material, t  is the testing time. 
24
q
k
m
                                                                                                                      (4-2) 
where k  is the thermal conductivity (W/(m·K)), q  is the heat generated by the device. 
The thermal conductivity values of five types of asphalt mixture beams were measured, 
including the control, 2% IM8 modified, 4% IM8 modified, 1.5% AS4 modified and 3% 
AS4 modified asphalt mixture samples, shown in Figure 4.2 (b). It is observed that the 
average thermal conductivity of control asphalt mixture samples is 1.562 W/(m·K). 
The average thermal conductivities of 1.5% AS4 modified and 3% AS4 modified 
asphalt mixture samples are 1.651 W/(m·K) and 1.731 W/(m·K), respectively. The 
average thermal conductivities of 2% IM8 modified and 4% IM8 modified asphalt 
mixture samples are 1.886 W/(m·K) and 2.033 W/(m·K). Therefore, the carbon fibers 
could increase the thermal conductivity of asphalt mixture samples. Additionally, the 
thermal conductivity value of the asphalt mixture sample increases with raising the 
content of carbon fibers. 
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(a) 
 
(b) 
Figure 4. 2 Thermal conductivity measurement of non-fractured asphalt mixture beams: 
(a) sample and device; (b) thermal conductivity data of tested samples. 
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4.3.3 Electrical conductivity of asphalt mixture beams 
        The electrical resistivity measurements were conducted on five different types of 
prepared beam samples at room temperature, displayed in Figure 4.3 (a). Two copper 
electrodes were located on the two sides of the sample to measure the electrical 
resistance. Then the electrical resistivity of the sample was calculated by Equation (4-
3): 
R S
L
                                                                                                                         (4-3) 
where   indicates the electrical resistivity ( m ), R denotes the measured electrical 
resistance ( ), S is the cross-sectional area and L  is the length of the beam samples. 
The measured electrical resistivity values of prepared samples are plotted in Figure 4.3 
(b). It is observed that the average electrical resistivity of control samples is about 38.5 
m . The average electrical resistivity of 1.5% and 3% AS4 modified asphalt mixture 
samples are approximately 29.8 and 26.3 m . In addition, the average electrical 
resistivity of 2% and 4% IM8 modified asphalt mixture samples are around 19.3 and 
15.4 m . Therefore, the carbon fiber AS4 and IM8 both could decrease the electrical 
resistivity of the asphalt mixture samples. 
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(a)                                                                                           
 
(b) 
Figure 4. 3 Electrical resistivity measurement of non-fractured asphalt mixture beams: 
(a) sample and device; (b) electrical resistivity data of tested samples. 
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4.4 Fracture-microwave healing investigation of asphalt mixture samples with 
elastic foundation modified beam bending test  
4.4.1 Fracture-microwave healing tests of asphalt mixture samples 
        The healing effect of carbon fibers in the asphalt mixture was investigated by the 
cyclic fracture-microwave healing test. Briefly speaking, it contains two parts, the 
sample fractured test and sample microwave healed test. In the sample fractured test, 
the tested sample was first placed in a freezer for 6 hours to assure an internal 
temperature of -10 oC. Then the beam was located on a modified elastic foundation 
instead of the regular three-point support, shown in Figure 4.4. The crack along the 
vertical direction of the tested beam was generated by applying a descending load with 
a speed of 0.5mm/min. During the test, the loading machine was halted manually as 
long as the applying load increased to the maximum value (peak load). The peak load, 
crack tip opening displacement (CTOD) and testing time were recorded automatically. 
 
Figure 4. 4 Demonstration of modified bending test of asphalt mixture beam with 
elastic foundation. 
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        During the sample microwave healing process, the fractured sample was located 
into a 1100w microwave oven, heating for 2 minutes, shown in Figure 4.5. The carbon 
fiber inside the sample absorbed the microwave energy and the surface temperature 
went up to around 100 oC to heal the crack. Later, the sample was taken out, being 
healed for another 30 minutes until its temperature decreased to room temperature. 
Then the healed sample was placed into the freezer for 6 hours and the load was 
applied on the sample again. This repeated procedure was called cyclic fracture-
microwave healing tests. In this research, six cycles of fracture-microwave healing 
tests were conducted to investigate the healing effect of the control, IM8 and AS4 
carbon fiber modified asphalt mixture samples. 
 
Figure 4. 5 Microwave healing of asphalt mixture beam sample. 
4.4.2 Fracture-microwave healing test results of asphalt mixture samples 
        In this study, the recovered strengths (recovered peak loads) were adopted to 
evaluate the healing effect of the carbon fiber modified asphalt samples. Table 4.2 
135 
exhibits the peak loads of asphalt mixture beam samples by the cyclic fracture-
microwave healing tests, including control, 2% and 4% IM8, 1.5% and 3% AS4 carbon 
fiber modified asphalt mixture beams, respectively. The ratios of recovered peak loads 
(recovered peak load divided by original peak load) of all the tested beam samples are 
recorded in Table 4.3. Figure 4.6 shows the fracture-microwave healing test data of 
control asphalt mixture beams, it is observed that the range of original peak loads is 
from 4300 N to 4600 N, reducing to the range of 1200 N to 1800 N after five fracture-
microwave healing cycles. The average ratio of recovered peak loads after the first 
cycle remains 55.4%, reducing to 48.9%, 41.8%, 35.0% and 31.9% cycle by cycle.  
Table 4. 2 Peak loads (N) of asphalt mixture beams during cyclic fracture-microwave 
healing tests. 
Sample 1st 
loading 
2nd 
loading 
3rd 
loading 
4th 
loading 
5th 
loading 
6th 
loading 
Control 
No.1 
4349.5 2739.3 2103.7 1978.7 1308.0 1206.9 
Control 
No.2 
4799.3 2363.6 2449.7 1724.9 1610.0 1436.1 
Control 
No.3 
4529.8 2447.1 2138.8 1990.3 1878.5 1723.5 
2% IM8 
No.1 
3554.4 3285.1 3184.5 3098.0 3068.5 2957.1 
2% IM8 3705.6 3370.3 3397.0 3283.4 3238.0 3234.7 
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No.2 
2% IM8 
No.3 
3773.1 3501.6 3436.7 3421.9 3356.8 3268.4 
4% IM8 
No.1 
4312.3 2728.9 2611.8 2538.2 2428.9 2281.4 
4% IM8 
No.2 
4930.7 2932.4 2746.6 2606.7 2332.1 2311.6 
4% IM8 
No.3 
3792.9 2986.7 2768.8 2754.1 2520.9 2399.7 
1.5% AS4 
No.1 
4934.7 4063.2 3869.7 3319.1 2414.8 2010.8 
1.5% AS4 
No.2 
4688.5 4423.4 4199.0 3784.6 2887.7 2255.8 
1.5% AS4 
No.3 
4452.2 4352.3 3842.77 3649.7 2846.2 2113.2 
3% AS4 
No.1 
3597.6 3106.6 3126.5 3375.1 3121.4 2875.2 
3% AS4 
No.2 
3857.2 3634.0 3462.3 3393.6 3304.3 3188.3 
3% AS4 
No.3 
3931.8 3566.7 3377.6 3171.3 2846.8 2814.0 
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Table 4. 3 Ratio (%) of recovered peak loads of asphalt mixture beams during cyclic 
fracture-microwave healing tests. 
Sample 2nd 
loading 
after 1 
cycle 
3rd loading 
after 2 
cycles 
4th loading 
after 3 
cycles 
5th loading 
after 4 
cycles 
6th loading 
after 5 
cycle 
Control 
No.1 
63.0% 48.4% 45.5% 30.1% 27.7% 
Control 
No.2 
49.2% 51.0% 35.9% 33.5% 29.9% 
Control 
No.3 
54.0% 47.2% 43.9% 41.5% 38.0% 
Average 
of control 
samples 
55.4% 48.9% 41.8% 35.0% 31.9% 
2% IM8 
No.1 
92.4% 89.6% 87.2% 86.3% 83.2% 
2% IM8 
No.2 
91.0% 91.7% 88.6% 87.4% 87.3% 
2% IM8 
No.3 
92.8% 91.1% 90.7% 89.0% 86.6% 
Average 92.0% 90.8% 88.8% 87.6% 85.7% 
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of 2% IM8 
samples 
4% IM8 
No.1 
63.3% 60.6% 58.9% 56.3% 52.9% 
4% IM8 
No.2 
59.5% 55.7% 52.9% 47.3% 46.9% 
4% IM8 
No.3 
78.7% 73.0% 72.6% 66.5% 63.3% 
Average 
of 4% IM8 
samples 
67.2% 63.1% 61.5% 56.7% 54.4% 
1.5% AS4 
No.1 
82.3% 78.4% 67.3% 48.9% 40.7% 
1.5% AS4 
No.2 
94.3% 89.6% 80.7% 61.6% 48.1% 
1.5% AS4 
No.3 
97.8% 86.3% 82.0% 63.9% 47.5% 
Average 
of 1.5% 
AS4 
samples 
91.5% 84.8% 76.7% 58.1% 45.4% 
3% AS4 86.4% 86.9% 93.8% 86.8% 79.9% 
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No.1 
3% AS4 
No.2 
94.2% 89.8% 88.0% 85.7% 82.7% 
3% AS4 
No.3 
90.7% 85.9% 80.7% 72.4% 71.6% 
Average 
of 3% 
AS4 
samples 
90.4% 87.5% 87.5% 81.6% 78.1% 
 
 
Figure 4. 6 Fracture-microwave healing test data of control asphalt mixture beams. 
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        Figure 4.7 displays the fracture-microwave healing test data of 2% IM8 modified 
asphalt mixture beams. The peak loads are in the range of 3500 N to 3800 N at the first 
loading, decreasing to the range of 2900 N to 3300 N at the sixth loading. The average 
ratios of recovered peak loads decrease from 92.0%, 90.8%, 88.8%, 87.6% to 85.7% 
during five cycles. Figure 4.8 shows the fracture-microwave healing test data of 4% 
IM8 modified asphalt mixture beams, the scope of original peak loads is from 3700 N 
to 4400 N. After five cycles of loading, the recovered peak loads float from 2200 N to 
2400 N. The average ratios of recovered peak loads reduce from 67.2% to 54.4 % in 
the five cycles.  
 
Figure 4. 7 Fracture-microwave healing test data of 2% IM8 modified asphalt mixture 
beams. 
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Figure 4. 8 Fracture-microwave healing test data of 4% IM8 modified asphalt mixture 
beams. 
        Figure 4.9 exhibits the fracture-microwave healing test data of 1.5% AS4 
modified asphalt mixture samples, the range of original peak loads is from 4400 N to 
5000 N, lowering to about 2200 N at the sixth loading. The average ratios of recovered 
peak loads are 91.5% after the first cycle and 45.5% after the fifth cycle. Figure 4.10 
shows the fracture-microwave healing test data of 3% AS4 modified asphalt mixture 
samples, the original peak loads are in the scope of 3500 N to 4000 N while the 
recovered peak loads are between 2800 N and 3200 N at the sixth loading. In addition, 
the average ratios of recovered peak loads decrease from 90.4% to 78.1% after the fifth 
cycle. The experimental results showed that both the added IM8 and AS4 could 
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improve the microwave healing performance of asphalt mixture material. However, the 
microwave healing effect of 2% IM8 modified asphalt mixture was better than the 4% 
IM8 modified asphalt mixture. It is concluded that two many carbon fibers may have 
negative impact on the Newtonian flow of the asphalt during the microwave healing 
process. This study demonstrates a promising microwave healing technique with 
carbon fiber modified asphalt mixtures. 
 
Figure 4. 9 Fracture-microwave healing test data of 1.5% AS4 modified asphalt 
mixture beams. 
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Figure 4. 10 Fracture-microwave healing test data of 1.5% AS4 modified asphalt 
mixture beams. 
4.5 Summary and conclusions 
        In this research, two carbon fibers, IM8 and AS4, were added into the asphalt 
mixture. The thermal conductivity and electrical resistivity of the control and carbon 
fiber modified asphalt mixture samples were measured. In addition, the cyclic fracture-
light healing tests were implemented to evaluate the microwave healing effect of 
samples, including control, 2% and 4% IM modified, 1.5% and 3% AS4 modified 
asphalt mixture. 
        On the one hand, the measurement results of the thermal conductivity of the 
samples indicated that the carbon fiber, as a modifier, could increase the thermal 
conductivity of the asphalt mixture. On the other hand, the carbon fiber has the ability 
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to decrease the electrical resistivity. Finally, the results of the cyclic fracture-
microwave healing test indicated that the carbon fibers, containing IM8 and AS4, could 
increase the microwave healing effect. However, too many carbon fibers may affect the 
Newtonian flow of asphalt and the microwave healing effect could be decreased. 
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CHAPTER 5 EXPERIMENTAL TESTS ON GRAPHITE MODIFIED 
ASPHALT BINDER SAMPLES 
5.1 Introduction 
        In the United States, 94% of the pavement’s surface was constructed using an 
asphalt mixture material [1]. Asphalt mixture consists of asphalt, graded aggregates 
and air voids [85]. The temperature-dependent asphalt binder behaves as viscous flow 
at high temperatures and as viscoelastic solid at low temperatures [4]. Increasing traffic 
loads and changing climatic conditions impose challenges to the pavement’s durability 
and service life. In addition, the pavement performance can be quickly weakened with 
microcrack developments and combined pavement distresses [52]. For instance, 
raveling can be initiated by the abrasive action of vehicle wheels on the pavement 
surface. The moisture transport or freeze-thaw cycles can greatly increase further 
damage development, and lead to removal and loss of stones due to weaker bonding 
[99]. With all the combined damage factors, the wearing courses need to be maintained 
and repaired frequently. 
        Asphalt mixture, as a self-healing material, has limited ability to repair its own 
damage after placed in service [64]. There are two key factors that impact the healing 
process, temperature and test periods [33, 87]. Cracks developing in the asphalt 
mixture due to factors such as traffic loads or freeze-thaw cycles can be healed when 
the external activation energy is input into the system. If the energy or time is sufficient 
                                                 
 Part of the text was accepted in Construction and Building materials—Wang, Z., Dai, 
Q., Guo, S. Wang, R., Ye, M., Yap, Y. “Experimental Investigation of Physical 
Properties and Accelerated Sunlight-Healing Performance of Flake Graphite and 
Exfoliated Graphite Nanoplatelet Modified Asphalt Materials.” (2016). 
146 
to complete this process, cracks could almost disappear [64]. It is concluded that the 
crack healing was mainly related to the Newtonian binder flow or the related creep 
flow of asphalt mastic through the cracks at elevated temperatures [41]. To initiate this 
process, the asphalt’s temperature needs to be heated higher than the transition one. 
Then the binder behaves as a Newtonian fluid. The transition temperature level 
depends on the types and components of asphalt, normally in the range of 30 oC to 70 
oC [100-103]. According to the study of Shen et al. [12], the healing behavior was a 
self-recovery capability of the asphalt binder which involved loading and 
environmental conditions. Self-healing can be considered a complex behavior, 
involving activation energy and capillary flow of asphalt at the micro or meso scale, 
and intermolecular diffusion and wetting of asphalt molecules at crack surfaces. The 
healing behavior is affected by the crack size, material mixture types and modification 
[11, 14, 41]. For example, Qiu et al. [11] showed that the healing ability of asphalt 
mastic modified by Styrene-Butadiene-Styrene polymer has been weakened compared 
to the unmodified control asphalt mastic. 
        The visible/near-field infrared lights are considered to be a type of easily obtained 
solar energy. The energy could be potentially used to heat and heal microcracks in the 
surface layer of pavement. However, the light absorption and thermal conductivity of 
asphalt mixture are relatively low [104, 105]. Currently there is no effective method to 
employ the light energy (specifically the near-field infrared light energy) directly. 
Therefore, graphite materials that have the ability to increase the light absorbance and 
thermal conductivity of composites are necessary to be combined with asphalt mixture. 
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Kim et al. [106] found that exfoliated graphite nanoplatelets (xGNP) can be used to 
improve the thermal conductivity of the material as an effective heat-diffusion 
promoter. In a study by Liu et al. [107], it was concluded that the manufactured flake 
graphite has high thermal conductivity through the graphite layers. Luo and Lloyd [108] 
found that the thermal energy transport in graphite-polymer was affected by graphite 
particle size and the graphite-matrix, interfacial bonding strength. 
        Graphite, as a super thermal conductor that can be applied in an asphalt mixture 
and pavement study, has attracted the interest of many researchers. Wu et al. [109] 
utilized asphalt mixtures within microcrystal graphite powders to collect solar energy 
for the heating and cooling of buildings and to keep the pavements ice-free. A study by 
Chen et al. [110] found that graphite powders could improve the thermal conductivity 
of asphalt mixtures and be a better method to counteract problems that arise from snow. 
Wang et al. [111] employed a finite element model to predict the thermal response of 
asphalt pavements with added graphite conductive media. Pan et al. [112] concluded 
that the thermal conductivity and diffusivity of graphite asphalt increased with the 
added graphite. In this research, two types of graphite materials, flake graphite and 
exfoliated graphite nanoplatelets were used as mixture modifiers to improve the 
visible/near-field infrared light healing effects. 
        The digital image correlation (DIC) is an effective optical technique that measures 
the full-field surface deformation of sample [113]. Essentially, two digital images are 
compared by DIC, one is the reference image regarded as an undeformed case and the 
other is the deformed image. The DIC algorithm could detect the two locations of one 
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selected point (pixel) in the reference image and in the deformed image by matching 
the gray value of that point. Afterwards, the displacement (pixels) of the selected point 
can be calculated [114]. Some researchers have put efforts to use the DIC techniques in 
civil engineering, e.g., Kuntz et al. [115] utilized digital image cross-correlation to 
measure the displacement of a shear crack in a reinforced concrete beam during a 
bridge load test. Chehab et al. [116] studied the fracture process zone strains of asphalt 
mixtures by DIC. Rastiello et al. [117] established the relationship between the crack 
surface and the mid-height crack opening displacement using DIC techniques. 
        This research aims to evaluate the sunlight heating and accelerated self-healing 
performance of graphite modified asphalt binder. In the first place, flake graphite and 
exfoliated graphite nanoplatelets (xGNP) were added into asphalt with weight 
percentages for preparing the graphite modified asphalt binder. Then asphalt binder 
tests were conducted to evaluate the performance of graphite modified asphalt, 
including rotational viscosity, light absorbance, low temperature property, complex 
shear modulus, aging group analysis and thermal conductivity.  
5.2 Control and graphite modified asphalt binder preparation 
        In this research, five types of asphalt samples were prepared, including the control 
asphalt (PG 58-28), exfoliated graphite nanoplatelets (xGNP) modified asphalt (2% 
and 4% by binder weight) and flake graphite modified asphalt (5% and 7% by binder 
weight), respectively. The flake graphite was obtained from Asbury Carbons with a 
density of 2.25 g/cm3. The particle sizes of flake graphite focus on two meshes, No.100 
(75%) and No.200 (25%). The minimum layer thickness is 0.11 mm. The xGNP was 
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manufactured by XG Sciences with a bulk density of 0.03-0.1 g/cm3, particle diameter 
of 25 microns and an average thickness of approximately 15 nanometers. The flake 
graphite or xGNP graphite modifiers were added into control asphalt based on selected 
weight percentages and mixed by a high speed mixer at 120 oC for about 1 hr. The 
prepared and control asphalt binder were used for following binder performance tests.  
5.3 Asphalt binder tests and property measurement 
5.3.1 Viscosity measurement and activation energy calculation 
        The viscosity as a basic rheological property of control and graphite modified 
asphalt samples was measured by a BROOKFIELD MODEL DV-II viscometer. The 
measured viscosity results of control, 5% flake graphite modified and 2% xGNP 
modified asphalt are exhibited in Figure 5.1 (a). The testing temperatures were selected 
as 100 oC, 125 oC, 135 oC, 150 oC, and 175 oC, separately. It can be observed that the 2% 
xGNP modified asphalt has a higher viscosity than the 5% flake graphite modified 
asphalt. The viscosity of the control asphalt is lower than those of the 2% xGNP and 5% 
flake graphite modified asphalt. 
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(c) 
Figure 5. 1 Viscosities and activation energies of control asphalt, flake graphite 
modified asphalt and xGNP modified asphalt: (a) viscosities; (b) regression between ln 
η and 1/T; (c) activation energies. 
        The concept of an activation energy barrier for starting viscous liquid flow was 
used [118]. The viscous flow process can be considered as a thermal process where 
atoms, molecules and groups of molecules should overcome an energy barrier to move 
[119]. The asphalt self-healing process was regarded as a viscous Newtonian flow 
process in this study. Therefore, the activation energy was used to evaluate the healing 
performance of control asphalt, 5% flake graphite modified asphalt and 2% xGNP 
modified asphalt. It was calculated by the Arrhenius equation [120] shown in Equation 
(5-1) 
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where   is the viscosity of asphalt, A  is a constant, fE  indicates the activation energy, 
T  is the temperature in K , and R  denotes the universal gas constant (8.314 
J/(mol·K) ). Normally, the Arrhenius equation is written as Equation (5-2) to simplify 
the calculation 
ln / lnfE RT A                                                                                                       (5-2) 
The relation between ln  and 1/ T  is displayed in Figure 5.1 (b). Then the discrete 
test data was regressed linearly to obtain the slope for each line. It was observed that 
the slope of the control asphalt line is 8477.4, the slopes of the 5% flake graphite 
modified asphalt line and 2% xGNP modified asphalt line are 7109.1 and 7766, 
respectively. The activation energy was calculated with the multiplication of the 
regression slope and the universal gas constant as in Equation (5-2). Hence, the 
activation energies of the control asphalt, 5% flake graphite modified asphalt and 2% 
xGNP modified asphalt are calculated as 67.6 KJ/mol, 59.1 KJ/mol, and 64.6 KJ/mol 
respectively. Compared with the control asphalt, the activation energy of the flake 
graphite modified asphalt and the xGNP modified asphalt both decreased. Thus, it is 
concluded that the graphite modified asphalt can generate viscous flow with less 
energy absorption. 
5.3.2 Light absorbance measurement 
        Since infrared light accounts for 50% of sunlight and is reflected back to the 
atmosphere as a contributor of global warming effects, the absorption of infrared light 
by graphite modified asphalt can accelerate self-healing of pavement materials with 
renewable solar energy inputs. It can also potentially reduce the heat island through 
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surface to base layers of pavement by transferring more heat. Therefore, the 
visible/infrared light absorption test was implemented to evaluate the light energy 
absorption and accelerated self-healing performance of control and graphite modified 
asphalt. The light absorbance was calculated using Equation (5-3) 
10 10log ( ) - log
i
e
t
e
A T


                                                                                                (5-3) 
where A  indicates the absorbance (a.u.), 
i
e  is the radiant flux received by the sample, 
t
e  is the radiant flux transmitted by the sample, T  denotes the transmittance of the 
sample. Figure 5.2 exhibits the schematic demonstration of the light absorbance test of 
the asphalt binder. First of all, the control asphalt, 5% flake graphite modified asphalt 
and 2% xGNP modified asphalt were daubed on glass substrates to prepare the samples. 
Then the samples were placed inside the test machine, UV-1800 Spectrophotometer. 
Figure 5.3 displays the test results of three different samples. It is observed that the 
wavelength range of testing light is from 300 nm to 1100 nm (visible spectrum: 300 nm 
~ 750 nm, infrared spectrum: 750 nm ~ 1100 nm). When the wavelength of the testing 
light exceeds 670 nm, the light absorbance of control asphalt decreases to 0.512 a.u. 
monotonously corresponding to the wavelength of 1100 nm. Similarly, the light 
absorbance of 2% xGNP modified asphalt starts to decrease from 4.0 a.u. to 1.364 a.u. 
when the wavelength of testing light exceeds 700 nm. The light absorbance of 5% flake 
graphite modified asphalt declines from 4.0 a.u. to 1.903 a.u. while the wavelength of 
testing light exceeds 860 nm.  
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Figure 5. 2 Demonstration of light absorbance test of asphalt binder on glass substrate. 
 
Figure 5. 3 Light absorption of control asphalt, flake graphite modified asphalt and 
xGNP modified asphalt. 
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        The ratio of absorbed radiant flux is defined as the difference of the received 
radiant flux and transmitted radiant flux divided by the received radiant flux, displayed 
in Equation (5-4) 
i t
e e
a i
e
R
 


                                                                                                                   (5-4) 
where aR  is the ratio of the absorbed radiant flux Consequently, the ratio of the 
absorbed radiant flux of the control asphalt is 69.2% when the wavelength of testing 
light is 1100 nm calculated by Equation (4). Likewise, the ratios of absorbed radiant 
flux of 5% flake graphite modified asphalt and 2% xGNP modified asphalt are 98.7% 
and 95.7% respectively. Therefore, the graphite materials can greatly enhance the light 
absorption ability of asphalt, especially the infrared light absorption ability of asphalt. 
In addition, the 5% flake graphite modified asphalt has better light absorbance than 2% 
xGNP modified asphalt. 
5.3.3 Bending beam rheometer test 
        The low temperature property of graphite modified asphalt binder was evaluated 
by bending beam rheometer (BBR) test. The control, flake graphite modified (5% and 
7% by binder weight), xGNP modified (2% and 4% by binder weight) after the rolling 
thin-film oven (RTFO) testand pressure aging vessel (PAV) test were cast into a mold 
to make asphalt binder beams with a dimension of 101.6 mm × 12.7 mm × 6.35 mm. 
The stiffness and m-value of the beam were measured by applying a loading on the top 
center with testing temperature of -18 oC. Figure 5.4 and Figure 5.5 display the 
relationship between the testing time and stiffness of control, 5% and 7% flake graphite 
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modified, 2% and 4% xGNP modified asphalt binders, respectively. It is observed that 
the graphite materials could increase the stiffness of asphalt binder. The stiffness 
increases with the rising up of content of graphite materials. The obtained stiffnesses 
and m-values of the control and graphite modified asphalt binder at 60s during the test 
are listed in Table 5.1 based on Superpave standard. It is seen that all the stiffnesses of 
graphite modified binders increase compared with control asphalt binder. In addition, 
all the m-values of graphite modified binders decrease compared with control asphalt 
binder. Based on the Superpave standard, the stiffness value should not exceed 300 
MPa and the minimum m-value is 0.3. Therefore, the graphite materials could decrease 
the low temperature property of asphalt. The content of xGNP can not go up to 4% of 
the asphalt by weight.  
Table 5. 1 Stiffness and m-value of control 58-28, flake graphite modified asphalt at 
60s. 
Asphalt Control 
58-28 
5% flake 
graphite 
modified 
7% flake 
graphite 
modified 
2% xGNP 
modified 
4% xGNP 
modified 
Stiffness(MPa) 117 244 
 
275 
 
223 
 
324 
 
m-value 0.481 0.332 0.310 0.325 0.305 
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Figure 5. 4 Bending beam rheometer test data of control, 5% flake graphite modified 
and 7% flake graphite modified asphalt. 
 
Figure 5. 5 Bending beam rheometer test data of control, 2% xGNP modified and 4% 
xGNP modified asphalt. 
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5.3.4 Complex shear modulus test 
        A dynamic shear rheometer (DSR) was used to investigate the complex shear 
modulus of the control and graphite modified asphalt binders. The complex shear 
modulus described the resistance of the tested asphalt binder to the deformation 
induced by the shear force. In this study, all the tested asphalt binders were divided to 
three groups, including virgin asphalt binder, RTFO asphalt binder and PAV asphalt 
binder. In each group, it has the control and graphite modified asphalt binders. The test 
temperatures were selected as 46 oC, 52  oC, 58 oC, 64 oC, and 70 oC, respectively. The 
test frequencies were 0.01 Hz, 0.1 Hz, 1 Hz, 5 Hz, 10 Hz, and 25 Hz, separately. Figure 
5.6 to 5.11 show the master curves of control and graphite modified asphalt, describing 
the relationships between the complex shear modulus and reduced frequency. Figure 
5.6 shows the master curves of complex shear moduli of virgin control, 5% flake 
graphite modified and 7% flake graphite modified asphalt. It is observed that the 
graphite could increase the shear resistance of asphalt slightly and the 7% of flake 
graphite could increase the shear modulus better than the 5% of flake graphite. 
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Figure 5. 6 Complex shear modulus master curves of virgin control and flake graphite 
modified asphalt. 
        Figure 5.7 displays the complex shear modulus master curves of control, 5% flake 
graphite modified, 7% flake graphite modified asphalt after RTFO test. It is seen that 
the flake graphite could increase the shear modulus of RTFO asphalt. However, the 
shear modulus of 5% flake graphite modified RTFO asphalt is higher than that of 7% 
flake graphite modified RTFO asphalt. It is concluded that two much flake graphite has 
a negative effect on modifying the RTFO asphalt shear resistance property. The shear 
modulus of flake graphite modified asphalt binder is contributed to the shear force 
between the asphalt molecules and the flake graphite. If the content of flake graphite is 
too high, the effect of shear forces between the flake graphites increase so that the 
shear modulus of the modified asphalt binder decrease. Figure 5.8 shows the complex 
shear modulus master curves of control, 5% flake graphite modified, 7% flake graphite 
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modified asphalt after PAV test. The flake graphite could increase the shear modulus of 
PAV asphalt as well. In addition, the shear modulus of 5% flake graphite modified 
PAV asphalt is higher than that of 7% flake graphite modified PAV asphalt with the 
same trend of flake graphite modified RTFO asphalt.  
 
Figure 5. 7 Complex shear modulus master curves of RTFO control and flake graphite 
modified asphalt. 
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Figure 5. 8 Complex shear modulus master curves of PAV control and flake graphite 
modified asphalt. 
        Figure 5.9 exhibits the complex shear modulus mater curves of virgin control, 2% 
xGNP modified and 4% xGNP modified asphalt. It can be observed that the xGNP has 
the ability to increase the shear resistance of virgin asphalt. The shear modulus of 4% 
xGNP modified virgin asphalt is higher than that of 2% xGNP modified virgin asphalt. 
Therefore, the xGNP could increase the shear modulus of virgin asphalt. Figure 5.10 
and 5.11 show the complex shear modulus master curves of RTFO and PAV control, 2% 
xGNP modified and 4% xGNP modified asphalt binders. It is seen that xGNP could 
increase the shear force resistance of RTFO and PAV asphalt binders. The complex 
shear modulus of 4% xGNP modified virgin asphalt is higher than that of 2% xGNP 
modified virgin asphalt. 
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Figure 5. 9 Complex shear modulus master curves of virgin control and xGNP 
modified asphalt. 
 
Figure 5. 10 Complex shear modulus master curves of RTFO control and xGNP 
modified asphalt. 
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Figure 5. 11 Complex shear modulus master curves of PAV control and xGNP 
modified asphalt. 
5.3.5 Aging group analysis 
        The aging behavior of asphalt is a very important index to reflect the resistance to 
the moisture sensitivity and rutting[121, 122]. Hence, it is necessary to study how the 
graphite materials affect the aging level of asphalt binder. In this research, the Fourier 
transform infrared spectroscopy (FTIR) was utilized to obtain the spectrum of light 
absorption of control and graphite modified asphalt binders. First, all the tested asphalt 
samples were daubed on glass substrates. Then they were scanned with a resolution of 
4 cm-1. Afterward, the raw data were processed by Fourier transform to obtain the final 
spectrum, displaying the relationship of wavenumber and absorbance. Figure 5.12 
shows the FTIR results of the virgin control and virgin flake graphite modified asphalt 
binders. The main aging groups in asphalt are carbonyl (C=O) bond and sulfoxide 
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(S=O) bond. The wavenumber peaks of 1700 cm-1 and 1030 cm-1 represent the 
carbonyl and sulfoxide bonds[2, 123], respectively.  
 
Figure 5. 12 FTIR results of virgin control and flake graphite modified asphalt. 
        In this research, the carbonyl bond and sulfoxide bond of control and graphite 
modified asphalt were both tested by FTIR. Figure 5.13 and Figure 5.14 show the FTIR 
results of control and flake graphite modified RTFO and PAV asphalt, respectively. 
Figure 5.15, Figure 5.16 and Figure 5.17 exhibit the FTIR results of control and xGNP 
modified virgin, RTFO and PAV asphalt, respectively.  
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Figure 5. 13 FTIR results of RTFO control and flake graphite modified asphalt. 
 
Figure 5. 14 FTIR results of PAV control and flake graphite modified asphalt. 
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Figure 5. 15 FTIR results of unaged control and xGNP modified asphalt. 
 
Figure 5. 16  FTIR results of RTFO control and xGNP modified asphalt. 
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Figure 5. 17 FTIR results of PAV control and xGNP modified asphalt. 
        The area below the peak curve can be regarded as the relative amount of bonds in 
the asphalt. The reason is that high amount of carbonyl bonds and sulfoxide bonds 
result in high light absorbance of asphalt binder. Therefore, a ratio was introduced to 
calculate the relative amount of carbonyl and sulfoxide bonds existing in the asphalt 
binder, displayed in Equation (5-5) and (5-6).  
C O
C O
T
A
R
A

                                                                                                                 (5-5) 
S O
S O
T
A
R
A

                                                                                                                    (5-6) 
where C OR   and S OR   indicate the ratios of carbonyl and sulfoxide bonds. C OA   and 
S OA   denote the areas under the peak curves of carbonyl and sulfoxide bonds. In this 
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study, the wavenumber of carbonyl peak was determined in the range of 1650 cm-1 to 
1850 cm-1. The range of sulfoxide peak was 960 cm-1 to 1100 cm-1. TA  is the total area 
under the curve of all the different bonds in the asphalt,  which range was 600 cm-1 to 
200  cm-1. Figure 5.18 shows the sulfoxide bond ratios of control and flake graphite 
modified asphalt. It is observed that the sulfoxide bond ratios increase with increasing 
of flake graphite contents of asphalt. In addition, the sulfoxide bond ratios increase 
with increasing of aging degree of the asphalt. Therefore, the flake graphite could 
increase the sulfoxide bond content of flake graphite modified asphalt binder. Figure 
5.19 displays the carbonyl bond ratios of control and flake graphite modified asphalt. 
The carbonyl bond ratios increase with increasing of flake graphite contents and aging 
degree of the asphalt. Therefore, the flake graphite could increase the carbonyl bond 
content of flake graphite modified asphalt binder. The carbon in the flake graphite 
could react with the oxygen atoms to form the carbonyl bonds. Figure 5.20 and Figure 
5.21 show the ratios of sulfoxide bond and carbonyl bond of control and xGNP 
modified asphalt, respectively. It is seen that both the ratios of sulfoxide bond and 
carbonyl bond increase with increasing of xGNP contents and aging degree of the 
asphalt. Hence, it is concluded that the graphite materials could increase the amount 
sulfoxide bond and carbonyl bond in the asphalt. The xGNP has the ability to promote 
the reaction of sulfur atoms and oxygen atoms andthe carbon in xGNP could react with 
the oxygen atoms to create the carbonyl bonds. Adding graphite material into asphalt is 
favorable to increase its aging degree and it is advantageous to improve the moisture 
sensitivity and rutting of asphalt mixture. 
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Figure 5. 18 The average ratios of sulfoxide groups in control and flake graphite 
modified asphalt. 
 
Figure 5. 19 The average ratios of carbonyl groups in control and flake graphite 
modified asphalt. 
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Figure 5. 20 The average ratios of sulfoxide groups in control and xGNP modified 
asphalt. 
 
Figure 5. 21 The average ratios of carbonyl groups in control and xGNP modified 
asphalt. 
Control Bond S=O
2% xGNP Bond S=O
4% xGNP Bond S=O
0%
1%
2%
3%
4%
5%
6%
Unaged RTFO PAV
R
at
io
Control Bond C=O
2% xGNP Bond C=O
4% xGNP Bond C=O
0%
2%
4%
6%
8%
10%
12%
14%
Unaged RTFO PAV
R
at
io
171 
5.3.6 Thermal conductivity measurement 
        In this study, thermal conductivity values of asphalt samples were measured by a 
KD2 Pro thermal property analyzer from Decagon Devices Inc. based on transient line 
heal source methods[97, 98]. A large single needle TR-1 sensor (10 cm long, 2.4 mm 
diameter) was inserted into the asphalt sample. Then heat was generated by the device, 
forming temperature gradient along the needle probe. Afterwards, the sensor detected 
the temperature changes and recorded the data. The equations used to calculate thermal 
conductivity are shown in Equation (5-5) and (5-6)  
0 1 2 lnT m mt m t                                                                                                      (5-5) 
where T  indicates the recorded temperature, t  is time, 0m  is the environmental 
temperature,  1m  is the varying rate of the background temperature, 2m  denotes the 
temperature drifting of the studying material. 
24
q
k
m
                                                                                                                      (5-6) 
where k  is the thermal conductivity, q  is the heat generated by the device. Five 
different types of asphalt samples were measured to evaluate the thermal performance 
at room temperature. They include control asphalt, 5% and 7% flake graphite modified 
asphalt, 2% and 4% xGNP modified asphalt. The results of thermal conductivity 
measurement are exhibited in Figure 5.22. The thermal conductivity values of control 
asphalt, 5% flake graphite modified asphalt, 7% flake graphite modified asphalt, 2% 
xGNP modified asphalt and 4% xGNP modified asphalt ascends in turn. The thermal 
conductivity of 4% xGNP modified asphalt is nearly 5 times that of the control asphalt. 
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The significantly increased thermal conductivity indicates that the graphite modified 
binder can increase thermal transfer inside the asphalt mixture for promoting the light 
healing process. 
 
Figure 5. 22 Thermal conductivity of control asphalt, flake graphite modified (5% and 
7%) asphalt and xGNP modified (2% and 4%) asphalt. 
5.4 Summary and conclusions 
        In this research, two graphite modifiers, flake graphite and xGNP were added into 
the asphalt mixture material. The viscosity test, visible/near infrared light absorption 
test, bending beam rheometer test, dynamic shear rheometer test, FTIR test and thermal 
conductivity test of control asphalt and graphite modified asphalt were conducted. 
        The viscosity measurement results of asphalt samples were utilized to calculate 
the activation energy. Both flake graphite and xGNP modified asphalt binder could 
decrease the activation energy of asphalt. It is concluded that the graphite modified 
asphalt has lower energy input for healing compared with pure asphalt binder. The 
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results of the visible/near infrared light absorption test show that the graphite materials 
have capability to enhance the light absorption of asphalt, especially the infrared light 
absorption of asphalt. The effect of the 5% flake graphite modified asphalt is better 
than that of the 2% xGNP modified asphalt. The graphite material could decrease the 
low temperature property of asphalt through the bending beam rheometer. Additionally, 
the complex shear moduli of graphite modified asphalt increase compared with the 
control asphalt. The aging degree of asphalt increases by the graphite materials as well. 
The results of the thermal conductivity test reveal that added small portion of graphite 
can increase the thermal conductive property of control asphalt.  
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CHAPTER 6 PERFORMANCE TESTS ON GRAPHITE MODIFIED ASPHALT 
MIXTURE 
6.1 Introduction 
        Asphalt mixture consist of asphalt, graded aggregates and air void [85]. Asphalt 
binder, regarded as a temperature-dependent material, behaves as viscoelastic solid at 
low temperature and viscous flow at high temperature [4]. The pavement’s service life 
is to a great extent affected by the traffic loads and climatic conditions [52]. The main 
reason of pavement’s service life shortened is the developing microcracks [99]. Many 
pavement distresses, like the raveling, moisture damage, rutting issue, fatigue cracking 
are induced by the microcracks in the asphalt mixture [124]. Therefore, the wearing 
course of the pavement is supposed to be repaired frequently. 
        Rutting is a primary traffic load-related distress in pavement[125]. The 
performance tests conducted to evaluate the rutting level of the asphalt mixture include 
the asphalt pavement analyzer (APA) test and Hamburg wheel tracking device (HWTD) 
test [24]. Zhao et al. [25] utilized APA and HWTD rutting tests to investigate rut 
depths of the warm mix asphalt and hot mix asphalt containing reclaimed asphalt 
pavement. Rushing et al. [126] studied the rutting susceptibility of HMA designed for 
high tire pressure aircraft. 
        Asphalt mixture dynamic modulus is one of the most important parameters for 
flexible pavement design [127]. The dynamic modulus was affected by asphalt 
                                                 
 Part of the text was accepted in Construction and Building materials—Wang, Z., Dai, 
Q., Guo, S. Wang, R., Ye, M., Yap, Y. “Experimental Investigation of Physical 
Properties and Accelerated Sunlight-Healing Performance of Flake Graphite and 
Exfoliated Graphite Nanoplatelet Modified Asphalt Materials.” (2016). 
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stiffness and aggregate size distribution [26]. Clyne et al. [128] reported that the 
dynamic modulus of the mixture with softer asphalt was lower than those with stiffer 
asphalt. Birgisson et al. [27] proposed that the gradation of the aggregates had a crucial 
impact on the dynamic modulus of mixtures.  A study by Chen et al. [129] presented 
that the asphalt mixtures using low percentages of flat and elongated aggregates 
resulted in a stable internal structure because of better developing stone-on-stone 
contact. 
        Graphite, as a good conductor, has attracted the interest of many researchers in 
civil engineering. Wu et al. [109] combine asphalt mixture with microcrystal graphite 
powders to collect solar energy for civil construction application. Chen et al. [110] 
found that the graphite powders could be used to resolve the snow problem of the 
pavement because of increasing the thermal conductivity of the asphalt mixture. A 
prediction model established by finite element method to study the thermal response of 
asphalt pavement with added graphite conductive media by Wang et. al [111]. 
        The objective of this research is to evaluate the electrical, thermal and mechanical 
properties of graphite modified asphalt mixture, including the 5% flake graphite 
modified and 2% xGNP modified asphalt mixtures. Therefore, The electrical resistivity, 
thermal conductivity, rut depth and dynamic modulus of the graphite modified asphalt 
mixture were measured by 1864 Megohmmeter, KD2 thermal property analyzer, 
HWTD and UTM-100, respectively. 
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6.2 Asphalt mixture design and sample preparation 
6.2.1 Control and graphite modified asphalt mixture design 
        In this study, two types of graphite materials, flake graphite and xGNP, were 
added into the asphalt mixture to implement a series of performance tests. Hence, 
samples of the control asphalt mixture, flake graphite modified asphalt mixture and 
xGNP modified asphalt mixture were prepared. The flake graphite was purchased from 
Asbury Carbons with a density of 2.25 g/cm3. The particles size of the flake graphite 
contains No.100 (75% by weight) and No.200 (25% by weight). The minimum layer is 
0.11 mm. The xGNP was offered by XG Sciences with a bulk density of 0.03-0.1 
g/cm3. The particle diameter is 25 microns and the average thickness is 15 nanometers. 
The asphalt binder was PG 58-28 with a density of 1.024 g/cm3. The aggregates were 
obtained in Hancock, Michigan with an average density of 2.72 g/cm3. The asphalt 
amount used was 5.2 % of the asphalt mixture by weight, determined by the optimum 
asphalt content test due to the Superpave volumetric design guide. The flake graphite 
modified asphalt mixture contained 5% flake graphite by weight of the mixture. The 
xGNP modified asphalt mixture contained 2% xGNP by weight of the mixture. The air 
void of all the samples was 4% of the asphalt mixture by volume. 
6.2.2 Mixture samples preparation 
        Three different shapes of asphalt mixture samples were manufactured, including 
beam with a dimension of 95 mm × 50 mm × 69 mm, small cylinder with diameter of 
100 mm, height of 150mm for dynamic modulus test, big cylinder with diameter of 150 
mm, height of 60 mm for Hamburg Wheel Tracking Device (HWTD) test. The shapes 
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of samples were based on the requirement of the performance tests. Table 6.1 shows 
the aggregate gradation of asphalt mixture beam samples for the electrical resistivity 
and thermal conductivity measurement. It is observed that 4.9 g of the No.100 and 1.6 
g of the No.200 aggregates are replaced by the flake graphite for the flake graphite 
modified asphalt mixture to keep the mixture volume consistent. In the same way, 3 g 
of pan powder is replaced by xGNP due to its dimension.  
Table 6. 1 Aggregate gradation of asphalt mixture beam samples. 
Sieve 
number 
Aggregate mass of 
control asphalt 
mixture (g) 
Aggregate mass of 
flake graphite 
modified asphalt 
mixture (g) 
Aggregate mass of 
xGNP modified 
asphalt mixture (g) 
1/2 157.3 157.3 157.3 
3/8 1476.3 1476.3 1476.3 
No. 4 1778.9 1778.9 1778.9 
No. 8 2468.6 2468.6 2468.6 
No. 16 1851.5 1851.5 1851.5 
No. 30 1282.7 1282.7 1282.7 
No. 50 1306.9 1306.9 1306.9 
No. 100 847.1 842.2 844.9 
No. 200 278.3 276.7 277.6 
Pan powder 653.5 653.5 650.5 
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        Table 6.2 displays the aggregate gradation of asphalt mixture asphalt samples for 
HWTD test. 1.7 g of No.100 and 0.6 g of No.200 aggregates are replaced by flake 
graphite for flake graphite modified asphalt mixture and 0.9 g pan powder is replaced 
by xGNP for xGNP modified asphalt mixture. In addition, Table 6.3 shows the 
aggregate gradation of asphalt mixture dynamic modulus samples. 1.5 g of No.100 and 
0.5 g of No.200 aggregates are replaced by flake graphite for flake graphite modified 
asphalt mixture. 0.7 g pan powder is replaced by xGNP for xGNP modified asphalt 
mixture. 
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Table 6. 2 Aggregate gradation of asphalt mixture samples for HWTD test. 
Sieve 
number 
Aggregate mass of 
control asphalt 
mixture (g) 
Aggregate mass of 
flake graphite 
modified asphalt 
mixture (g) 
Aggregate mass of 
xGNP modified 
asphalt mixture (g) 
1/2 55.5 55.5 55.5 
3/8 520.9 520.9 520.9 
No. 4 627.6 627.6 627.6 
No. 8 871.0 871.0 871.0 
No. 16 653.3 653.3 653.3 
No. 30 452.6 452.6 452.6 
No. 50 461.1 461.1 461.1 
No. 100 298.9 297.2 298.9 
No. 200 98.2 97.6 98.2 
Pan 
powder 230.6 230.6 229.7 
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Table 6. 3 Aggregate gradation of asphalt mixture dynamic modulus samples. 
Sieve 
number 
Aggregate mass of 
control asphalt 
mixture (g) 
Aggregate mass of 
flake graphite 
modified asphalt 
mixture (g) 
Aggregate mass of 
xGNP modified 
asphalt mixture (g) 
1/2 43.1 43.1 43.1 
3/8 404.5 404.5 404.5 
No. 4 487.4 487.4 487.4 
No. 8 676.4 676.4 676.4 
No. 16 507.3 507.3 507.3 
No. 30 351.5 351.5 351.5 
No. 50 358.1 358.1 358.1 
No. 100 232.1 230.8 232.1 
No. 200 76.3 75.8 76.3 
Pan powder 179.1 179.1 178.4 
 
6.3 Performance tests of asphalt mixture 
        In this section, performance tests were conducted to investigate the properties of 
the control, 5% flake graphite modified, and 2% xGNP modified asphalt mixture 
samples. The electrical resistivity and thermal conductivity of the control and graphite 
modified asphalt mixture were measured by asphalt mixture beam samples. The rutting 
depth of the control and graphite modified asphalt mixture was determined by HWTD, 
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using big cylinder samples. Additionally, the dynamic modulus of the control and 
graphite modified asphalt mixture was measured by UTM-100, using small cylinder 
samples.  
6.3.1 Electrical resistivity measurement of asphalt mixture beams 
        The electrical resistivity of the control, 5% flake graphite modified and 2% xGNP 
modified asphalt mixture beam samples were measured by 1864 Megohmmeter at 
room temperature, shown in Figure 6.1 (a). Two copper electrodes were placed on two 
sides of the measured beam sample. Then the electrical resistance was read through the 
device. The electrical resistivity was calculated by Equation (6-1): 
R S
L
                                                                                                                         (6-1) 
where   is the electrical resistivity ( m ), R denotes the measured electrical 
resistance ( ), S is the cross-sectional area and L  is the length of the beam samples. 
Figure 6.1 (b) displays the electrical resistivity values of the control, 5% flake graphite 
modified and 2% xGNP modified asphalt mixture beams. The average electrical 
resistivity of the control asphalt mixture beams is 37.25 m . The average electrical 
resistivity of the flake graphite and xGNP modified asphalt mixture beams are 25.99 
m  and 20.07 m , respectively. Hence, the flake graphite and xGNP both could 
decrease the electrical resistivity of asphalt mixture beam samples. 
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(a) 
 
(b) 
Figure 6. 1 Electrical resistivity data of non-fractured asphalt mixture beams. 
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6.3.2 Thermal conductivity of asphalt mixture beams  
        The thermal conductivity of the control, 5% flake graphite modified and 2% 
xGNP modified asphalt mixture beam samples were measured by a KD2 thermal 
property analyzer from Decagon Devices Inc.. The device used the transient line heal 
source methods[97, 98], shown in Figure 6.2 (a). The measured sample was drilled a 
hole, inserted by a needle TR-1 sensor with a dimension of length of 10 cm, diameter 
of 2.4 mm. The gradient temperature produced by the sensor inside the sample could 
be detected and recorded. The thermal conductivity was calculated by Equation (6-2) 
and (6-3): 
0 1 2 lnT m mt m t                                                                                                      (6-2) 
where T  is the recorded temperature, 0m  is the environmental temperature, 1m  is the 
varying rate of the background temperature, 2m  indicates the temperature drifting of 
the tested material, t  is the testing time. 
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q
k
m
                                                                                                                      (6-3) 
where k  is the thermal conductivity (W/(m·K)), q  is the heat generated by the device. 
Figure 6.2 shows the thermal conductivity of the control, 5% flake graphite modified 
and 2% xGNP modified asphalt mixture beams. The thermal conductivity of the 
control asphalt mixture is 1.58 W/(m·K). The thermal conductivity of the flake 
graphite and xGNP modified asphalt mixture are 2.08 W/(m·K) and 1.69 W/(m·K), 
respectively. Therefore, the flake graphite and xGNP both could increase the thermal 
conductivity of the asphalt mixture. Normally, the thermal conductivity of the xGNP is 
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much higher than the flake graphite. However, the thermal conductivity is based on the 
direction between the graphite particles. If two particles are parallel to each other, the 
thermal conductivity could be very high. If they are perpendicular to each other, the 
thermal conductivity could be very low. In addition, the flake graphite modified asphalt 
mixture contains more graphite particles than the xGNP modified asphalt mixture. 
Therefore, the thermal conductivity of the flake graphite modified asphalt mixture 
samples is higher than the xGNP modified asphalt mixture samples. 
 
Figure 6. 2 Thermal conductivity data of non-fractured asphalt mixture beams. 
6.3.3 Hamburg wheel tracking device (HWTD) test of asphalt mixture samples 
        The rutting susceptibility of the control, 5% flake graphite modified and 2% 
xGNP modified asphalt mixture samples was evaluated by the Hamburg wheel tracking 
device based on AASHTO T324. The steel wheel load of HWTD was 705 N. The 
maximum displacement of the wheel load that the transducer could measure was 25 
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mm. The samples were placed in the water tub for 30 minutes with a temperature of 50 
oC before conducting the test. Then the rut depths were captured during the test with 
setup 5000 passes. Figure 6.3 displays the HWTD test results of the control, 5% flake 
graphite modified and 2% xGNP modified asphalt mixture samples. The test results 
indicated that the graphite materials decreased the rut depth of the asphalt mixture. 
After 5000 passes, the rut depths of the xGNP and flake graphite modified asphalt 
mixture samples were 66% and 48% of the control asphalt mixture samples. The effect 
of the 5% flake graphite modified asphalt mixture is better than the 2% xGNP modified 
asphalt mixture on the reduction of rut depth. 
 
Figure 6. 3 Hamburg Wheel Tracking Device test data of control, 5% flake graphite 
and 2% xGNP modified asphalt mixture samples. 
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6.3.4 Dynamic modulus measurement of asphalt mixture samples 
        The dynamic modulus was utilized to investigate the compact resistance of the 
control, 5% flake graphite modified and 2% xGNP modified asphalt mixture samples 
by UTM-100 machine. The definition of the dynamic modulus is the ratio of the stress 
amplitude to the strain amplitude that responses for a given frequency in a steady state. 
In this research, three samples were tested to compute the dynamic modulus over a 
range of loading frequencies (0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz and 25 Hz) and testing 
temperatures (-10 oC, 4 oC, 21.3 oC and 39.4 oC). Figure 6.4 shows the dynamic 
modulus master curves of the control, 5% flake graphite modified and 2% xGNP 
modified asphalt mixture samples. The reference temperature is -10 oC. It is observed 
that the moduli of the graphite modified asphalt mixture samples are higher compared 
to the control asphalt mixture sample. The dynamic modulus of the 5% flake graphite 
modified asphalt mixture sample is higher than the 2% xGNP modified asphalt mixture 
sample. The two graphite materials both have the ability to increase the dynamic 
modulus of the asphalt mixture. 
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Figure 6. 4 Dynamic modulus master curves of control, 5% flake graphite and 2% 
xGNP modified asphalt mixture. 
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issue of the asphalt mixture. The graphite materials have the ability to increase the 
dynamic modulus of the asphalt mixture as well to improve the mechanical property of 
the pavement.  
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CHAPTER 7 FRACTURE-LIGHT HEALING TESTS ON GRAPHITE 
MODIFIED ASPHALT MIXTURE BEAM SAMPLES 
7.1 Introduction 
        The asphalt mixture could self-heal its damage during the service life of pavement 
[64]. This self-healing process are affected by the environmental temperature and rest 
period [33, 87]. The key point of the healing is the external energy is observed by the 
pavement system [88]. In addition, the healing behavior was a complex process, 
combined with capillary flow, molecules wetting and intermolecular diffusion [12]. 
        Graphite, as a high thermal conductive material, was studied by researchers. Wu 
et al. [109]employed the microcrystal graphite powders to collect solar energy. The 
graphite could increase the thermal conductivity and diffusivity of asphalt binder[111]. 
Chen et al. [110]found that graphite powders could increase the thermal conductivity of 
asphalt mixture. 
        The microwave was used to combine with asphalt and mixture in the past few 
years. For instance, the aggregates could observe the microwave energy more easily 
than the asphalt binder[130]. The microwave was employed to heat the asphalt mixture 
within steel wool to heal the microcracks by Gallego et al. [131].  
        The objective of this study is to investigate the light healing performance of the 
control and graphite modified asphalt mixture beams. The graphite modified asphalt 
mixture beams (5% flake graphite and 2% xGNP) were prepared and used for cyclic 
                                                 
 Part of the text was accepted in Construction and Building materials—Wang, Z., Dai, 
Q., Guo, S. Wang, R., Ye, M., Yap, Y. “Experimental Investigation of Physical 
Properties and Accelerated Sunlight-Healing Performance of Flake Graphite and 
Exfoliated Graphite Nanoplatelet Modified Asphalt Materials.” (2016). 
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fracture-light healing tests. The measured recovered strength after each cycle was used 
to evaluate the healing performance of both graphite modified and control samples. In 
addition, during the light healing process, the temperature distribution of tested beams 
was analyzed by capturing the infrared images. The DIC was utilized to evaluate the 
displacements of pixels in the fractured zone inside the sample, containing the average, 
maximum and median displacements. 
7.2 Asphalt mixture design and sample preparation 
        Three types of asphalt mixture beams were prepared as the tested samples: control 
asphalt mixture, flake graphite modified asphalt mixture and xGNP modified asphalt 
mixture samples, respectively.  
7.2.1 Control asphalt mixture design 
        The aggregates used in the asphalt mixture were from a local source in Hancock, 
Michigan with an average density of 2.72 g/cm3 and the selected asphalt binder was PG 
58-28 with a density of 1.024 g/cm3. The amount of asphalt used for all the beams was 
5.2 % by weight of the mixture determined through employing the test of the optimum 
asphalt content based on the Superpave volumetric mixture design standard. The 
aggregate gradation for the control asphalt mixture sample is shown in Table 7.1.  
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Table 7. 1 Aggregate gradation of control asphalt mixture. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 157.3 
3/8 9.5 7.7 1476.3 
No. 4 4.75 18.1 1778.9 
No. 8 2.36 19 2468.6 
No. 16 1.18 10.8 1851.5 
No. 30 0.6 10.6 1282.7 
No. 50 0.3 12.8 1306.9 
No. 100 0.15 8.3 847.1 
No. 200 0.075 2.2 278.3 
Pan powder <0.075 4.5 653.5 
 
7.2.2 Flake graphite modified asphalt mixture design 
        The prepared flake graphite binder was used for preparation of the mixture sample 
preparation. The flake graphite amount was 5% of the asphalt by weight. Based on the 
Superpave volumetric design guide, the added flake graphite powders were treated as 
the fine aggregates to keep the volume consistent for the preparation of the sample. In 
the mixture design, flake graphite with a surface dimension of 0.15 mm (75%), 0.075 
mm (25%) was used to replace the No. 100 and No. 200 fine aggregates. The detailed 
aggregate gradation of flake graphite modified mixtures was listed in Table 7.2. It is 
seen that the masses of No.100 aggregate and No.200 aggregate decrease. The reason is 
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that 4.9 g of No.100 aggregate and 1.6 g of No.200 aggregate are replaced by added 
flake graphite particles. 
Table 7. 2 Aggregate gradation of flake graphite modified asphalt mixture. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 157.3 
3/8 9.5 7.7 1476.3 
No. 4 4.75 18.1 1778.9 
No. 8 2.36 19 2468.6 
No. 16 1.18 10.8 1851.5 
No. 30 0.6 10.6 1282.7 
No. 50 0.3 12.8 1306.9 
No. 100 0.15 8.3 842.2 
No. 200 0.075 2.2 276.7 
Pan powder <0.075 4.5 653.5 
 
7.2.3 Exfoliated graphite nanoplatelet (xGNP) asphalt modified mixture design 
        The prepared exfoliated graphite nanoplatelet binder described in section 2 was 
used. The XGNP with a surface dimension of 25 microns, similarly, were also used to 
replace the fine aggregates, pan powder (<0.075 mm). The xGNP used in the asphalt 
mixture was about 2% of the binder by weight. The aggregate gradation of the xGNP 
modified asphalt mixture is listed in Table 7.3. About 2.4 g of pan powder is replaced 
by xGNP compared with the aggregate gradation of the control asphalt mixture. 
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Table 7. 3 Aggregate gradation of xGNP modified asphalt mixture. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 157.3 
3/8 9.5 7.7 1476.3 
No. 4 4.75 18.1 1778.9 
No. 8 2.36 19 2468.6 
No. 16 1.18 10.8 1851.5 
No. 30 0.6 10.6 1282.7 
No. 50 0.3 12.8 1306.9 
No. 100 0.15 8.3 847.1 
No. 200 0.075 2.2 278.3 
Pan powder <0.075 4.5 651.1 
 
7.2.4 Mixture beam sample preparation  
        The asphalt mixture beam samples were used in this study. All of the asphalt 
mixtures were first compacted by a slab kneading compactor to obtain a mixture slab. 
Then the slab was cut into six beams with a length of 190 mm, width of 50 mm and 
height of 69 mm due to the size of the mold. In addition, a 23 mm deep, 3 mm wide 
notch was sawn in the center of the beams to control the initial cracking position. 
Consequently, 5 beam samples were prepared for each mixture type, including 2 beam 
samples for the three-point beam bending test and 3 beam samples for the cyclic 
fracture-light healing test, respectively. Therefore, 15 beam samples were produced in 
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total. For each beam sample, two knife edges were glued on the top notch for 
measuring the crack tip opening displacement by a clip-on gauge. 
7.3 Fracture-light healing investigation of asphalt mixture samples 
7.3.1 Accelerated light healing mechanism 
        The asphalt mixtures were heated at the pavement surface layer with the light 
absorption ability. The added graphite particles can promote the near-field infrared 
light absorption abilities. Then the heat is transferred to the deeper layer of the 
pavement based on the thermal conductivity of control and modified asphalt mixtures. 
In this heat transfer process, the asphalt as a temperature-dependent material behaves 
as Newtonian flow to fill the existing cracks in the pavement. The crack healing 
process is a combination of capillary flow caused by surface tension force, gravity of 
liquid asphalt filled in the crack and friction between the flowing asphalt and aggregate 
particles. The recovered strength was based on two factors. One is the diffusion of 
asphalt molecules. The other is the rebinding of asphalt and aggregate particles. The 
mechanism of accelerated light healing of the asphalt mixture material is shown in 
Figure 7.1. Hence, absorption ability and thermal conductivity of asphalt can affect the 
accelerated light healing greatly. In this study, a small percentage of flake graphite and 
xGNP was added into asphalt to improve the ability of light absorption and the thermal 
conductivity of the asphalt mixture. The light healing performance of the control and 
modified asphalt mixtures were described in the following sections. 
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Figure 7. 1 Schematic demonstration of light healing mechanism for asphalt mixture 
within graphite material. 
7.3.2 Cyclic fracture-light healing test of asphalt mixture samples 
      The cyclic fracture-light healing test was used to verify the light healing effect of 
the graphite modified asphalt mixture. It encompasses two processes, the sample 
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fractured part and sample light healing part. In the sample fracture part, all of the 
beams were placed in a freezer for 6 hours to guarantee an internal temperature of -10 
oC. Subsequently, the beam was located on a modified elastic foundation instead of the 
regular three-point support, as shown in Figure 7.2. The purpose was to decrease the 
cracking speed of a beam compared to that of a beam implemented by the traditional 
three-point bending test and avoid overly damaged samples. The crack along the 
vertical direction of the tested beam was generated by applying a controlled load by a 
load cell with a decreasing speed of 0.5mm/min. During the test, the loading machine 
was paused manually as long as the applying load increased to the maximum value 
(peak load) recorded in Table 7.4. Afterwards, the testing beam was laid in the air 
environment for about an hour until its temperature increased to room temperature for 
the whole light healing process.  
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Table 7. 4 Peak loads (N) of control samples, flake graphite modified beams and 
xGNP modified beams under fracture-light healing cycles. 
Sample 1st 
loading 
2nd 
loading 
3th 
loading 
4th 
loading 
5th 
loading 
Control No.1 4024.2 3450.8 1857.1 1832.9 1104.5 
Control No.2 3492.6 1576.5 1324.7 1259.1 1167.2 
Control No.3 4324.6 1689.7 1592.6 1519.9 1378.4 
Average of control 
samples 
3947.1 2239.0 1591.5 1537.3 1216.7 
Flake graphite 
No.1 
4018.9 3505.6 3116.4 3046.1 2509.4 
Flake graphite 
No.2 
4645.0 4476.6 4378.2 3529.9 3258.1 
Flake graphite 
No.3 
3808.5 3807.8 2966.2 2773.9 2482.3 
Average of flake 
graphite samples 
4157.5 3930.0 3486.9 3116.6 2749.9 
xGNP No.1 4018.4 3428.8 3047.4 2640.7 2228.3 
xGNP No.2 3829.0 2516.5 2514.3 2373.3 1839.7 
xGNP No.3 3750.0 2540.4 2459.4 2378.4 2190.7 
Average of xGNP 
samples 
3865.8 2828.6 2673.7 2464.1 2086.2 
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Figure 7. 2 Demonstration of modified bending test of asphalt mixture beam with 
elastic foundation. 
      During the sample light healing process, the fractured sample was settled under a 
300 w infrared lamp with a distance of 10 cm between the top of the sample and 
bottom of the bulb shown in Fig. 7. The selected healing time was about several 
minutes. Later, the lamp was turned off and the sample kept being healed for around 30 
minutes until its temperature decreased to room temperature. Then the healed sample 
was placed into the freezer for 6 hours and the controlled load was applied again. This 
repeated procedure was called cyclic fracture-light healing tests. In this research, five 
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cycles of fracture-light healing tests were conducted to investigate the light healing 
effect of control, flake graphite and xGNP modified asphalt mixtures.  
 
Figure 7. 3 Light healing system with 300 w lamp. 
7.3.3 Temperature distribution of light-heated asphalt mixture samples 
      During the light healing process with the selected healing period, the highest top 
surface temperature of the control asphalt mixture sample was in the range of 80 oC to 
90 oC. The highest top surface temperature of flake graphite modified asphalt mixture 
sample was in the range of 105 oC to 110 oC. And the highest top surface temperature 
of xGNP modified asphalt mixture sample was in the range of 100 oC to 105 oC. An 
infrared thermal camera (FLIR ThermaCAMTM SC640) was employed to capture the 
images of temperature distribution of three types of asphalt mixture samples. Figure 
7.3 reveals the temperature distribution of the three types of  asphalt mixture beam 
close to the end of light healing. The color bar represents the temperature variation in 
the samples. The yellow color and dark blue color indicate a high temperature and low 
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temperature, respectively. It is observed that near the end of light healing, the highest 
temperatures appeared on the top sample surface of the control asphalt mixture sample, 
flake graphite modified asphalt mixture sample and xGNP modified asphalt mixture 
sample were 62.1 oC, 109 oC and 100 oC, respectively. Meanwhile, the area of the 
yellow region in the thermal image of the flake graphite modified asphalt mixture beam 
is bigger than that of xGNP modified asphalt mixture beam. The area of the yellow 
region in the thermal image of the control asphalt mixture beam is smaller than the 
other two types of asphalt mixture beams. Therefore, the graphite materials have the 
capability to better absorb the light energy and to transfer the heat to the bottom of the 
samples faster. It is concluded that the light healing effect of the 5% flake graphite 
modified asphalt mixture sample is better than that of the control asphalt mixture 
sample and 2% xGNP modified asphalt mixture sample. The reason is that the asphalt 
around the crack of the flake graphite modified asphalt mixture sample can obtain more 
energy to flow and to possibly fill microcracks for healing process.  
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(a) 
 
(b) 
 
(c) 
Figure 7. 4 Infrared images of temperature distribution in asphalt mixture samples 
after 8 minutes of light healing: (a) control asphalt mixture beam; (b) flake graphite 
modified asphalt mixture beam; (c) xGNP modified asphalt mixture beam. 
202 
7.3.4 DIC evaluation of the local healing strains changes with healing cycles 
        In this study, for the fracture zone displacement analysis during light healing 
cycles, a MATLAB image toolbox DIC algorithm was used [132]. Initially, several 
control points (pixels) were selected in the reference image, and a size-adjustable 
subset of pixels was produced around each control point. Afterwards, the program 
searched the same pixels in the corresponding subset of the deformed image by a 
normalized cross-correlation coefficient, C  shown in Equation (7-1) [133] 
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where C  is the normalized cross-correlation coefficient, r  is the greyscale values of 
the pixels in the subset of the reference image, d  is the greyscale values of the pixels 
in the subset of the deformed image, 
, ,( , )x y  are local coordinates of the subset center, 
and 
, ,( , )u v  are the displacements between a pixel and the subset center. If the 
normalized cross-correlation coefficient of a pixel in the subset of the deformed image 
exceeded the threshold (typically 0.5), this pixel was regarded as the same pixel in the 
reference image. This process was called the DIC. Then displacements (pixels) of this 
point between the reference image and the deformed image were computed.  
        In this study, three tested samples, including a control asphalt mixture beam, a 
flake graphite modified asphalt mixture beam and an xGNP modified mixture beam 
were analyzed by DIC for three cycles of the light healing process. About 400 points 
(pixels) were chosen to be analyzed by DIC in each reference image of three different 
samples. Then the displacements of each selected point between the reference image 
203 
and the deformed image for each cycle of the light healing process were computed. 
Figure 7.4 (a)-(c) presents three sets of local images of the control asphalt mixture 
beam. Each set has two images representing the crack width of the beam sample before 
and after light healing and a pixel displacement vector plot as a result of DIC analysis. 
The vectors indicate both the direction and the magnitude of a selected pixel (sample 
particle) displacement. Figure 7.5 (a)-(c) exhibits three sets of local images of the flake 
graphite modified asphalt mixture beam. Figure 7.6 (a)-(c) displays the similar pattern 
of local images of the xGNP modified asphalt mixture beam. It is observed that the 
cracks of three different asphalt mixture samples can all be healed at different degrees 
over cycles. The detailed results are listed in Table 7.5, including average, maximum 
and median pixel displacements of three tested samples before and after three cycles of 
light healing. It is observed that the average, maximum and median displacements of 
all the selected pixels decrease with light healing cycles. The light healing effect 
decreases with light healing cycles for all the samples. 
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Table 7. 5 Average, maximum, and median displacements (pixels) of control asphalt 
mixture sample, flake graphite modified asphalt mixture sample and xGNP modified 
asphalt mixture sample under cyclic light healing process by DIC analysis. 
Sampl
e 
Control Flake graphite 
Modified 
xGNP Modified 
Cycle Cycle
1 
Cycle
2 
Cycle
3 
Cycle
1 
Cycle
2 
Cycle
3 
Cycle
1 
Cycle
2 
Cycle
3 
Avera
ge 
disp. 7.91 7.86 5.60 2.69 2.54 1.52 5.27 3.50 3.47 
Maxi
mum 
disp. 10.47 10.48 8.94 5.88 4.33 2.46 7.11 7.05 6.90 
Media
n 
disp. 7.99 7.95 4.62 2.49 2.27 1.69 5.34 3.52 3.54 
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                                (a)                                                                                 
                                                                        
                                (b) 
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                                (c)                                                                        
Figure 7. 5 Demonstration of DIC analysis of local No.1 control asphalt mixture 
sample on cyclic fracture-light healing tests, before light healing (reference image), 
after light healing (deformed image) and a vector plot of the displacement field for 
each set of images: (a) first light healing process; (b) second light healing process; (c) 
third light healing process. 
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                                 (a)                                                                     
                 
                          (b) 
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                                 (c) 
Figure 7. 6 Demonstration of DIC analysis of local No.1 flake graphite modified 
mixture sample on cyclic fracture-light healing tests, before light healing (reference 
image), after light healing (deformed image) and a vector plot of the displacement field 
for each set of images: (a) first light healing process; (b) second light healing process; 
(c) third light healing process. 
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                                (a) 
                            
                                (b) 
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                              (c) 
Figure 7. 7 Demonstration of DIC analysis of local No.1 xGNP modified mixture 
sample on cyclic fracture-light healing tests, before light healing (reference image), 
after light healing (deformed image) and a vector plot of the displacement field for 
each set of images: (a) first light healing process; (b) second light healing process; (c) 
third light healing process. 
7.4 Cyclic fracture-light healing test results of asphalt mixture samples 
      In this research, the recovered peak loads of all the samples were obtained from 
cyclic fracture-light healing tests. And the results were used to verify the effect of light 
healing recorded in Table 7.4. It is observed that the range of original peak loads is 
from 3400 N to 4700 N.  
      Figure 7.7-7.9 exhibit the fracture-light healing tests data of three control asphalt 
mixture samples, three flake graphite modified asphalt mixture samples and three 
xGNP modified asphalt mixture samples, respectively. The x-axis represents the 
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CTOD and the y-axis represents the loads. In Figure 7, the original peak loads are in 
the range of 3400 N to 4400 N, and are reduced to the range of 1100 N to 1300 N after 
five fracture-light healing cycles. Table 7.6 lists the ratio of recovered peak loads 
(recovered peak load/original peak load) of asphalt mixture samples after each fracture-
light healing cycles. The average ratio of recovered peak loads after the second cycle 
remains 56.7% and reduces to 40.3%, 39.0% and 30.9% constantly. Figure 7.8 
demonstrates the fracture-light healing data of three flake graphite modified asphalt 
mixture samples. The range of original peak loads is from 3800 N to 4700 N. The 
average ratio of recovered peak loads is 94.5 % after the second fracture-light healing 
cycle and still remains 65.9 % even after five cycles, displayed in Table 7.6. The 
original peak loads of three xGNP modified asphalt mixture samples are in the range of 
3700 N to 4100 N presented in Figure 7.9. The mean original ratio of recovered peak 
loads is 72.9 % and then gradually decreases to 69.0%, 63.7% and 54.0%. Accordingly, 
the light healing performance of flake graphite modified asphalt mixture samples is 
better than that of xGNP modified asphalt mixture samples. The light healing 
performance of the control asphalt mixture sample is lower than that of the other two 
types of graphite-modified asphalt mixture samples. The experimental results showed 
that both the added flake graphite and xGNP have the ability to enhance the light 
healing performance of asphalt mixture material. This study demonstrate the promising 
light healing technique with graphite-modified asphalt mixtures. 
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Table 7. 6 Ratio (%) of recovered peak loads (RPL) of control samples, flake graphite 
modified beams and xGNP modified beams. 
Sample 2nd loading 
after 1 cycle 
3rd loading 
after 2 cycles 
4th loading 
after 3 cycles 
5th loading 
after 4 cycles 
Control No.1 85.8% 46.2% 45.6% 27.5% 
Control No.2 45.1% 37.9% 36.1% 33.4% 
Control No.3 39.1% 36.8% 35.2% 31.9% 
Average of 
control samples 
56.7% 40.3% 39.0% 30.9% 
Flake graphite 
No.1 
87.2% 77.5% 75.8% 62.4% 
Flake graphite 
No.2 
96.4% 94.3% 76.0% 70.1% 
Flake graphite 
No.3 
100.0% 77.9% 72.8% 65.2% 
Average of flake 
graphite samples 
94.5% 83.2% 74.9% 65.9% 
xGNP No.1 85.3% 75.8% 65.7% 55.5% 
xGNP No.2 65.7% 65.7% 62.0% 48.1% 
xGNP No.3 67.7% 65.6% 63.4% 58.4% 
Average of 
xGNP samples 
72.9% 69.0% 63.7% 54.0% 
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Figure 7. 8 Fracture-light healing test data of control asphalt mixture samples. 
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Figure 7. 9 Fracture-light healing test data of asphalt mixture samples within flake 
graphite. 
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Figure 7. 10 Fracture-light healing test data of asphalt mixture samples within xGNP. 
7.5 Summary and conclusions 
        In this research, the light healing effect of control, 5% flake graphite modified and 
2% xGNP modified asphalt mixture samples was investigated. The infrared images of 
asphalt mixture samples conclude that both the 5% flake graphite and 2% xGNP 
modified asphalt mixtures could better absorb the light energy and transfer the heat 
from top to bottom than the control asphalt mixtures. The DIC analysis results of pixel 
displacements in the light healing processes indicates that the visible/infrared light is 
an effective way to heal the fractured asphalt mixture sample. The healing effect 
decreases with light healing cycles. The recovered peak loads from the cyclic fracture-
light healing tests showed that both the 5% flake graphite and 2% xGNP modified 
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asphalt mixtures have improved light healing performance compared with the control 
asphalt mixture. The 5% flake graphite modified asphalt mixtures have better healing 
performance than the 2% xGNP modified asphalt mixtures. 
 
  
217 
CHAPTER 8 FRACTURE MODEL DEVELOPMENT FOR GRAPHITE 
MODIFIED MIXTURE SAMPLES WITH DIGITAL IMAGE CORRELATION 
ANALYSIS 
8.1 Introduction 
        Asphalt mixture consists of asphalt, graded aggregates and air voids [85]. The 
temperature-dependent asphalt binder behaves as viscous flow at high temperatures and 
as viscoelastic solid at low temperatures [4]. In the United States, 94% of the 
pavement’s surface was constructed with asphalt mixtures [1]. Increasing traffic loads 
and changing climatic conditions challenge the pavement’s durability and service life. 
In addition, the pavement performance can be quickly weakened with initial micro-
crack developments followed by combined pavement distresses [52].  
              The asphalt mixture has the self-healing ability to repair the micro-cracks 
caused by traffic loads and variable temperature [64]. This self-healing behavior is 
mainly limited by two main factors, rest period and pavement temperature [33, 87]. 
The asphalt begins to fill the existing micro-cracks in the asphalt mixture once the 
external energy is input. If the external energy or the rest period is adequate, the cracks 
can be healed almost completely [64]. The mixture self-healing process mainly 
involves with asphalt Newtonian flow [41]. The prerequisite of initiating this process is 
to increase the asphalt’s temperature to exceed the transition temperature. Afterwards, 
the asphalt binder can behave as Newtonian fluid. The composites and components of 
                                                 
 Text was submitted to Journal of Materials in Civil Engineering—Wang, Z., Dai, Q 
“Evaluation of Recovered Fracture Strength after Light Healing of Graphite Modified 
Asphalt Mixtures with Integrated Computational-Experimental Approach.” (2016). 
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asphalt affect the transition temperature in 30 oC to 70 oC range [100-103]. Shen et al. 
[12] studied that the healing behavior related to loading and environmental conditions 
was regarded as a complex process, incorporating activation energy, capillary flow, 
intermolecular diffusion and molecules wetting. Additionally, the self-healing behavior 
was affected by the crack size, material type and modification [11, 14, 41]. 
         The visible/near-field infrared lights considered as an easily obtained solar energy 
could be utilized to heal the micro-cracks in pavement surface. However, the light 
absorption (specifically the near-field infrared light absorption) and thermal 
conductivity of asphalt mixture are relatively low [104, 105]. Therefore, graphite 
materials that have the ability to increase the light absorbance and thermal conductivity 
of composites are necessary to be combined with asphalt mixture to promote the light 
healing process [134]. Liu et al. [107] found that manufactured flake graphite had high 
thermal conductivity between graphite layers. Kim et al. [106] proposed that exfoliated 
graphite nanoplatelets had the ability to increase the material’s thermal conductivity. 
Asphalt mixture added in microcrystal graphite powders was used to collect solar 
energy for adjusting building’s and pavement’s temperature by Wu et al. [109]. Chen et 
al. [110] applied graphite powders to improve the thermal conductivity of asphalt 
mixture for melting snow. Pan et al. [112] proposed a model to describe thermal 
conductivity and diffusivity of graphite modified asphalt changed based on the ratio of 
graphite amount.  
        Cohesive zone model (CZM) was widely applied for fracture simulation of 
different materials [71, 72, 135] after the pioneer research by Prandtl [136]. The CZM 
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techniques defined the relation between surface traction and crack opening 
displacement [137], such as bilinear model [72] and exponential model [138]. To date, 
the CZM techniques have been employed to simulate both the homogeneous and 
heterogeneous materials. Fractures in civil engineering materials have been studied 
over the past decade [139-141]. The implementation of CZM techniques needed the 
inputs of model parameters including fracture energy and material strength determined 
from fracture tests such as three-point beam bending test [71, 88, 142]. 
        Digital image correlation (DIC) method is a technique used to measure the pixel 
displacement or deformation between two relative images [113]. One is the reference 
image and the other is the deformed image. The DIC algorithm could detect the 
grayscale value of a pixel between the reference image and then find the location of 
that pixel in the deformed image by matching the grayscale value [114]. This technique 
has been applied to study the fracture behavior through monitoring crack open 
displacement. Kuntz et al. [115] measured the displacement of a shear crack in a 
concrete beam during the loading test by digital image cross-correlation. Rastiello et al. 
[117] developed a relation between crack surface and mid-height crack opening 
displacement by the DIC method. 
        The main objective of this study is to use a cohesive zone model and finite 
element method to numerically investigate the recovered fracture strength of asphalt 
mixture beams during the cyclic fracture-light healing tests. Firstly, the cohesive zone 
finite element model was applied to predict the fracture behavior of the original beam 
samples. The fracture energy of the samples were measured with the three-point 
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bending test. The fracture simulation was conducted by using the cross-section image 
of one single-edged notched control beam. Both fracture behavior and crack path 
development were compared with experimental data. Secondly, for the samples after 
fracture-light healing cycles, the DIC analysis was used to calculate the relative strain 
ratios by considering the crack displacement changes after healing and reloading. Two 
key input parameters, calibrated fracture energy and peak separation stress, were used 
to simulate the cyclic fracture-light healing tests based on DIC analysis. Finally, the 
predicted peak loads from both original and healed beam samples were compared with 
the corresponding experimental peak loads. The cohesive zone fracture simulation has 
very reasonable prediction on the recovered fracture strength of asphalt mixture beam. 
8.2 Asphalt mixture sample preparation and fracture-light healing tests results 
8.2.1 Asphalt mixture beam preparation 
        The materials used in this research were asphalt binder, aggregates, flake graphite 
and exfoliated graphite nanoplatelets (xGNP). The asphalt binder was PG 58-28 with a 
density of 1.024 g/cm3. The aggregates were purchased in Hancock, MI with a density 
of 2.72 g/cm3. The flake graphite was attained from Asbury Carbons with a density of 
2.25 g/cm3. Its particle sizes distribution is described as: about 75% of the No.100 and 
25% of the No.200 sizes. The minimum layer thickness of the flake graphite was 0.11 
mm. The xGNP was offered by XG Sciences with a bulk density of 0.03-0.1 g/cm3. 
The particle diameter was 25 microns and the average thickness was approximately 15 
nanometers. The untreated graphite materials, flake graphite and xGNP, were added 
separately to asphalt, blended by a high speed mixer for about one hour at 120 oC. The 
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amounts of graphite materials used were 5% for flake graphite and 2% for xGNP by 
weight of asphalt. Then three types of the asphalt mixture samples were produced, 
including the control, flake graphite modified and xGNP modified asphalt mixture 
samples. The aggregate gradations of the control, flake graphite modified and xGNP 
modified asphalt mixtures are listed in Table 8.1. Based on the Superpave volumetric 
design guide, the added graphite powders were regarded as the fine aggregates to keep 
volumetric consistent for the preparation of the graphite modified asphalt mixture 
samples. Therefore, it is observed that about 4.9 g of the No.100 aggregates and 1.6 g 
of the No.200 aggregates were replaced by the flake graphite. In a similar way, nearly 
2.4 g of the pan powder was replaced by the xGNP. The ratio of the asphalt used was 
5.2 % by weight of asphalt mixture for all the samples. The asphalt mixture samples 
used were beams with a dimension of 190 mm × 50 mm × 69 mm. A 3 mm wide, 23 
mm deep notch was sawn in the center of the beams to limit the initial fracture position. 
Two knife edges with a distance of 20 mm were glued on the top notch of each beam 
sample to measure the crack opening tip displacement (CTOD) by a clip-on gauge 
discussed in the following sections. 
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Table 8. 1 Aggregate gradation of control, flake graphite modified and xGNP modified 
asphalt mixture. 
Sieve 
number 
Aggregate mass of 
control asphalt 
mixture (g) 
Aggregate mass of 
flake graphite 
modified asphalt 
mixture (g) 
Aggregate mass of 
xGNP modified 
asphalt mixture (g) 
1/2 157.3 157.3 157.3 
3/8 1476.3 1476.3 1476.3 
No. 4 1778.9 1778.9 1778.9 
No. 8 2468.6 2468.6 2468.6 
No. 16 1851.5 1851.5 1851.5 
No. 30 1282.7 1282.7 1282.7 
No. 50 1306.9 1306.9 1306.9 
No. 
100 
847.1 842.2 844.9 
No. 
200 
278.3 276.7 277.6 
Pan 
powder 
653.5 653.5 650.5 
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8.2.2 Results of cyclic fracture-light healing tests 
        The cyclic fracture-light healing tests were conducted to evaluate the light healing 
performance of graphite modified asphalt mixture materials. Firstly, a tested beam was 
placed on an elastic foundation at -10 oC. An impact roller applied the load on the 
beam with descending speed of 0.5 mm/min, shown in Figure 8-1 (a). When the load 
increased to the peak value, the loading machine was ceased manually to avoid overly 
damaging the sample. After the temperature of the fractured beam increased to 20 oC, it 
was heated by a 300 w lamp with a distance of 10 cm between the bottom of the bulb 
and the top of the beam for several minutes, displayed in Figure 8.1 (b). Then the 
fractured beam was rested and self-healed for about 30 min until the temperature 
decreased to 20 oC. This repeated procedure was called cyclic fracture-light healing 
tests. Five cycles was conducted for all the three types of samples in this study. The 
peak loads of all the samples were utilized to investigate the recovered strength, listed 
in Table 8.2. These data were compared with the simulation results discussed in the 
following sections.  
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Table 8. 2 Peak loads (N) of control samples, flake graphite samples and xGNP 
samples under fracture-light healing cycles. 
Specimen 1st 
loading 
2nd 
loading 
3th 
loading 
4th 
loading 
5th 
loading 
Control No.1 4024.2 3450.8 1857.1 1832.9 1104.5 
Control No.2 3492.6 1576.5 1324.7 1259.1 1167.2 
Control No.3 4324.6 1689.7 1592.6 1519.9 1378.4 
Average of control 
samples 
3947.1 2239.0 1591.5 1537.3 1216.7 
Flake graphite No.1 4018.9 3505.6 3116.4 3046.1 2509.4 
Flake graphite No.2 4645.0 4476.6 4378.2 3529.9 3258.1 
Flake graphite No.3 3808.5 3807.8 2966.2 2773.9 2482.3 
Average of flake 
graphite samples 
4157.5 3930.0 3486.9 3116.6 2749.9 
xGNP No.1 4018.4 3428.8 3047.4 2640.7 2228.3 
xGNP No.2 3829.0 2516.5 2514.3 2373.3 1839.7 
xGNP No.3 3750.0 2540.4 2459.4 2378.4 2190.7 
Average of xGNP 
samples 
3865.8 2828.6 2673.7 2464.1 2086.2 
 
225 
             
(a)                                                                    (b) 
Figure 8. 1 Demonstration of fracture-light healing test: (a) modified bending test of 
asphalt mixture. 
        In addition, the peak separation stresses of all the tested samples during the cyclic 
fracture-light healing tests were calculated by Equation (8-1): 
max 2
3
2
F L
B H

 

 
                                                                                                           (8-1) 
where F  is the applied force, L  indicates the span, B  represents the beam thickness 
and H  is the height of the middle sectional-area of the beam. The span was assumed as 
the half length of the beam sample (190 / 2 = 95 mm) because the support was an 
elastic rubber belt instead of the regular rollers. The thickness of the beam was 50 mm 
and the height of the middle sectional-area was two thirds of the height of the beam (69 
× 2 / 3 = 46 mm). Consequently, the peak separation stresses of nine tested samples 
including the control, flake graphite modified and xGNP modified asphalt mixture 
samples for four cycles of the fracture tests were calculated, listed in Table 8.3. These 
peak stress data were used to simulate the fracture behavior of the samples discussed in 
the following sections.  
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Table 8. 3 Peak separation stress (MPa) of asphalt mixture samples. 
Specimen 1st loading 2nd loading  3rd loading  4th loading  
Control No.1 5.392 4.624 2.489 2.456 
Control No.2 4.680 2.113 1.775 1.687 
Control No.3 5.795 2.264 2.134 2.037 
Flake graphite 
No.1 5.385 4.698 4.176 4.082 
Flake graphite 
No.2 6.224 5.999 5.867 4.730 
Flake graphite 
No.3 5.103 5.102 3.975 3.717 
xGNP No.1 5.385 4.595 4.084 3.539 
xGNP No.2 5.131 3.372 3.369 3.180 
xGNP No.3 5.025 3.404 3.296 3.187 
 
8.3 Fracture simulation of original asphalt mixture samples 
8.3.1 Determination of measured fracture energy of asphalt mixture samples 
        In this research, the measured fracture energy of the control, flake graphite 
modified and xGNP modified asphalt mixture samples was determined for the beam 
fracture simulation by implementing the standard three-point bending test. A beam 
sample was located on the support and was loaded by an impact roller with a 
descending speed of 3 mm/min. The distance between the two support rollers was 140 
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mm. A clip-on gauge was adopted to measure the crack tip opening displacement 
(CTOD) during the sample fracturing process with the sample temperature of -10 oC. 
Meanwhile, the load, CTOD and time were recorded. Subsequently, the measured 
fracture energy was determined by calculating the area under the CTOD-load curve 
divided by the cross-sectional area of the tested sample [84]. The test results showed 
that the average measured fracture energy of the control asphalt mixture was 382.30 
J/m2 which was lower than those of the flake graphite modified asphalt mixture 
(453.21 J/m2) and the xGNP modified asphalt mixture (490.03 J/m2). The average 
measured fracture energy of the xGNP modified asphalt mixture was higher than that 
of the flake graphite modified asphalt mixture. Consequently, both the added flake 
graphite and xGNP could increase the measured fracture energy of the asphalt mixture 
beams. 
8.3.2 Bilinear cohesive fracture modeling 
        The CZM was widely used to simulate the fracture zone ahead of crack tip. The 
essential cohesive laws can be expressed with the traction, displacement jump along 
the crack for simulating fracture behavior, including nucleation, crack initiation and 
propagation [84]. The traction is zero on the crack tip and is maximum value on the 
cohesive zone tip. This would indicate the crack tip experiences the total failure while 
the cohesive zone tip goes through the highest cohesive bonding. The cohesive zone 
where fracture occurs is defined as the area between the crack tip and the cohesive 
zone tip. When the traction caused by external force increases to peak value and then 
decays to zero monotonically, the corresponding displacement jump increases 
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constantly. The peak separation stress, failure displacement, and fracture energy are 
considered the key parameters that affect the facture behavior. Different cohesive laws 
were applied to develop CZM techniques, in particular, exponential cohesive law and 
bilinear cohesive law[84, 138]. In this research, the bilinear cohesive law was applied 
to establish the cohesive fracture zone model. The characteristic of the bilinear 
cohesive law is the relations between the traction and displacement on the traction 
increasing and decreasing phases are both linear during the fracture process if there is 
no shear sliding displacement, shown in Figure 8.2. c  and s  represent the critical 
displacement and shear sliding, respectively. If the shear sliding is considered when the 
fracture behavior occurs, the relation between the traction and displacement follows the 
curve as shown in the figure. The fracture energy is defined as the area under the 
traction-displacement curve shown in Equation (8-2): 
1
2
p fG                                                                                                                    (8-2) 
where G  is the cohesive fracture energy, p  indicates the peak separation stress, f  
denotes the failure displacement where the separation stress is zero. The ABAQUS 
user-defined element (UEL) subroutine [84, 143] was applied to carry out the CZM for 
fracture behavior research. In this study, the three-node interface elements along the 
crack path were employed by combining with cohesive elements to simulate the 
fracture behavior. The fracture simulation and crack propagation were discussed in the 
following sections. 
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Figure 8. 2 A cohesive law in accordance with normalized traction and normalized 
displacement jump with or without shear sliding. 
8.3.3 Fracture simulation of original asphalt mixture beam with digital imaging 
analysis  
        In this section, the crack path propagated at the first loading of the No.1 control 
asphalt mixture sample was used to establish the cohesive zone model, shown in Figure 
8.3. First, the image of the fractured beam after first loading was captured by a Point 
Grey high resolution camera, presented in Figure 8.3 (a). Then a local area of the image 
with the crack path was selected by ImageJ, displayed in Figure 8.3 (b). Subsequently, 
all the pixels in the local area of the image were transferred to nodes used to constitute 
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the three-node triangle elements. The crack path was set up as the common boundaries 
of those elements locating along the both sides of the crack. Eventually, the four-node 
interface cohesive elements were defined along the crack path. In addition, the elastic 
foundation was simulated by setting up spring elements to connect with the nodes on 
the bottom of the beam model. The spring modulus were setup as 9.28 MPa, obtained 
from the rubber layer loading experiment. The completed 2D fractured asphalt mixture 
beam model is shown in Figure 8.3 (c). Figure 8.3 (d) displays the magnified details of 
the crack path in the highlighted region. In this section, the fracture simulation of the 
original asphalt mixture samples was conducted using two input parameters, the 
measured fracture energies and the peak separation stresses obtained from the first 
loading. Hence, 382.30 J/m2 was used to simulate the original fracture of the three 
control asphalt mixture samples. Similarly, 453.21 J/m2 and 490.03 J/m2 were for 
simulating the flake graphite and the xGNP modified asphalt mixture samples. The 
numerically predicted CTOD-load curves including the peak loads were obtained from 
the cohesive zone beam model after inputted those parameters. Figure 8.3 (e) compares 
the measured and predicted CTOD-load curves of the No.1 control asphalt mixture 
sample from the first loading. For other original beam samples, the comparison 
(relative difference) of the measured and predicted fracture strength is listed in the 1st 
loading column of Table 8.5. These results indicated the finite element CZM can 
predict the original beam fracture behavior with measured fracture energy and peak 
separation stress.  
231 
                                                     
                            (a)                                                                         (b) 
                 
                                     (c)                                                                          (d) 
     
                                                                (e) 
Figure 8. 3 Schematic fracture simulation of original No.1 control asphalt mixture 
beam: (a) global crack path area; (b)local crack path; (c) cracking mesh configuration 
and mesh detail of crack path; (d) magnified mesh with detailed crack path and 
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indicated material phases (dark grey-aggregate and light grey-mastic); (e) numerical 
and experimental CTOD-load curves. 
8.4 Fracture simulation of recovered strength healed beam samples with DIC 
analysis 
8.4.1 DIC analysis of cyclic fracture-light healing processes 
        The digital image correlation (DIC) is an effective optical technique that measures 
the full-field surface deformation of samples [113].  Essentially, two digital images are 
compared by the DIC, one is the reference image regarded as the undeformed case and 
the other is the deformed image. The DIC program could find the two locations of one 
selected pixel in the reference image and in the deformed image by matching the gray 
value of that pixel. Afterwards, the displacement (pixels) of the selected pixel moving 
in the two images can be calculated [114].  
        In this research, the DIC MATLAB image toolbox [132]  was used to analyze the 
displacements of asphalt mixture particles during the fracture-light healing cycles. 
Figure 8.4 (a)-(d) present a set of images of the No.2 control asphalt mixture sample 
during the cyclic fracture-light healing tests. Figure 8.4 (a) shows the crack 
displacement variation of the sample before and after the first loading, which 
demonstrates the initial crack development of the sample. Figure 8.4 (b) displays the 
crack displacement variation of the sample after the first light healing and the second 
loading. Likewise, Figure 8.4 (c) and (d) are the images that demonstrate fractured 
samples after the second or third light healing and the third or forth loading, 
respectively. The crack open displacement were recorded with ten red points along the 
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crack path. Each red point is adjacent with two blue points horizontally, regarded as 
one set. The DIC analysis were conducted to obtain displacements of 10 sets of pixels 
in the image between the non-fractured and fractured sample images. The 
displacements of the two blue points were utilized to investigate the crack 
displacement changes during the cyclic fracture-light healing tests.  
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                          (a)                                                                         (b) 
                                                                                                                    
                           (c)                                                                        (d)  
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Figure 8. 4 Demonstration of DIC analysis of No.2 control asphalt mixture beam on 
cyclic fracture-light healing tests: (a) crack variation at the first loading; (b) crack 
variation at the second loading; (c) crack variation at the third loading; (d) crack 
variation at the forth loading. (The red points indicate the crack locations for DIC 
analysis. The blue points display the locations for strain ratio calculation.) 
        In this study, the relative strain ratio was incorporated to analyze the crack 
displacement variation, defined as the healed crack strain divided by the fracture strain, 
shown in Equation (8-3): 
i
i H
S i
F
R


                                                                                                                      (8-3) 
where SR  indicates the relative strain ratio, H  is the healed crack strain, F  denotes 
the fracture strain, superscript i  is the No. of the pixel set ( i  =1, 2, 3, …, 10). The 
healed crack strain was described as the displacement ( H ) of the two blue points in 
one set before and after the light healing process divided by the original distance ( o ) 
between the same two blue points on the non-fractured sample, exhibited in Equation 
(8-4):  
i
i H
H
o



                                                                                                                        (8-4) 
where H  indicates the displacement of the blue points in one set before and after the 
light healing process, o  denotes the original distance of the same blue points in the 
image of the non-fractured sample. The fracture strain was interpreted as the 
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displacement between the two blue points in each set divided by the original distance 
of those two blue points in the image of the non-fractured sample, exhibited in 
Equation (8-5):  
i
i F
F
o



                                                                                                                        (8-5) 
where F  indicates the displacement of the blue points in one set before and after the 
loading. The displacements of the blue points in ten sets for the calculation of the 
healed crack strain and fracture strain were obtained by running the DIC code. 
Afterwards, the relative strain ratio for each red point was attained. Subsequently, the 
average relative strain ratio for ten red points was calculated by Equation (8-6): 
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                                                                                                               (8-6) 
        The DIC analysis and relative strain ratios calculation were conducted on No. 2 
control, No. 2 flake graphite modified and No.2 xGNP modified asphalt mixture 
samples. The calculations consist of the relative strain ratios after the first, second and 
third time of the loading and light healing, respectively. The healed crack strain before 
and after the first light healing of the No.2 control asphalt mixture sample was obtained 
by comparing the second image in Figure 8.4 (a) and the first image in Figure 8.4 (b). 
The fracture strain before and after the first loading was obtained by comparing the two 
images in Figure 8.4 (a). The average relative strain ratio of the No. 2 control asphalt 
mixture sample by using the first light healing and first loading was calculated as 0.651 
by Equation (8-6). Similarly, the healed crack strain of the No. 2 control asphalt 
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mixture sample before and after the second light healing was obtained by comparing 
the second image in Figure 8.4 (b) and the first image in Figure 8.4 (c). The fracture 
strain before and after the second loading was obtained by comparing the two images 
in Figure 8.4 (b). The average relative strain ratio by using the second light healing and 
second loading was 0.577. Likewise, the healed crack strain before and after the third 
light healing was obtained from the second image in Figure 8.4 (c) and the first image 
in Figure 8.4 (d). The fracture strain before and after the third loading was obtained by 
comparing the two images in Figure 8.4 (c). Then the average relative strain ratio by 
using the third light healing and third loading was calculated as 0.503. Briefly, the 
average relative strain ratios of the No.2 control asphalt mixture sample were 0.651, 
0.577 and 0.503 before and after the first, second and third time of the light healing and 
the loading, separately. Figure 8.5 shows four sets of images of the No. 2 flake graphite 
modified asphalt mixture sample during the cyclic fracture-light healing tests. The 
average relative strain ratios before and after the first, second and third time of the light 
healing and the loading were 0.822, 0.696 and 0.617, respectively. Similarly, the crack 
variation of the No. 2 xGNP modified asphalt mixture sample are shown in Figure 8.6. 
The average relative strain ratios before and after the first, second and third time of the 
light healing and the loading were 0.736, 0.642 and 0.535 using the same method of 
analysis and calculation. The relative strain ratios were employed to determine the 
recovered fracture energy discussed in the following section. 
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                           (a)                                                                        (b) 
                                                        
                           (c)                                                                        (d) 
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Figure 8. 5 Demonstration of DIC analysis of No.2 flake graphite modified asphalt 
mixture beam on cyclic fracture-light healing tests: (a) crack variation at the first 
loading; (b) crack variation at the second loading; (c) crack variation at the third 
loading; (d) crack variation at the forth loading. (The red points indicate the crack 
locations for DIC analysis. The blue points display the locations for strain ratio 
calculation.) 
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                           (a)                                                                        (b)  
                                                        
                           (c)                                                                        (d) 
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Figure 8. 6 Demonstration of DIC analysis of No.2 xGNP modified asphalt mixture 
beam on cyclic fracture-light healing tests: (a) crack variation at the first loading; (b) 
crack variation at the second loading; (c) crack variation at the third loading; (d) crack 
variation at the forth loading. (The red points indicate the crack locations for DIC 
analysis. The blue points display the locations for strain ratio calculation.) 
8.4.2 Fracture simulation of strength recovered asphalt mixture samples  
        In this study, the recovered strengths of the asphalt mixture samples were 
simulated using the cohesive model with defined crack path. Two major input 
parameters, the peak separation stress and the recovered fracture energy were used to 
complete the simulation of all the samples. The peak separation stresses were obtained 
from the peak loads of experiments listed in Table 8.2. The recovered fracture energy 
was calculated by Equation (8-7): 
1
2
R SE R                                                                                                             (8-7) 
where RE  indicates the recovered fracture energy,   is the peak separation stress,   
is the original failure displacement, SR denotes the average relative strain ratio. Figure 
8.7 represents the relation between the traction and displacement of the control asphalt 
mixture sample on the cohesive zone. This figure includes four triangles whose areas 
correspond to the measured fracture energy for the fracture simulation of the original 
asphalt mixture beam samples and three recovered fracture energies for the fracture 
simulation of strength recovered healed asphalt mixture beam samples. According to 
Equation (8-1), the original failure displacement for each sample was expressed as 
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doubling the original fracture energy divided by the original peak separation stress. 
Taking the No.1 control asphalt mixture sample as an example, the original fracture 
energy for the control asphalt mixture samples was 382.30 J/m2 and the peak 
separation stress was 5.392 MPa. Therefore, the original failure displacement was 2 × 
382.30 / 5.392 /1000= 0.142 mm. Then the recovered failure displacement for the 
second loading was calculated as the original failure displacement timed by the relative 
strain ratio for the first loading, namely, 0.142 × 0.651 = 0.0924 mm. Hence, the 
recovered fracture energy of the sample for the second loading was computed as 0.5 × 
4.624 × 0.0924 × 1000 = 213.42 J/m2. In the same way, the recovered failure 
displacements of the sample for the third loading and forth loading were calculated as 
0.142 × 0.577 = 0.0819 mm and 0.142 × 0.503 = 0.0714 mm, respectively. The 
recovered fracture energies of the sample for the third and forth loading were 0.5 × 
2.489 × 0.0819 = 101.80 J/m2, 0.5 × 2.456 × 0.0714 = 87.59 J/m2, separately. The 
recovered fracture energies of No. 2 and No. 3 control asphalt mixture samples were 
calculated by the same method based on their peak separation stresses.  The recovered 
fracture energies of the No. 1, 2, 3 flake graphite and the No. 1, 2, 3 xGNP modified 
asphalt mixture samples were calculated with their own measured fracture energies, 
relative strain ratios and peak separation stresses. Table 8.4 lists all the values of the 
measured fracture energies (first loading) and the recovered fracture energies (second, 
third and forth loading) for the fracture simulation of the control, flake graphite 
modified and xGNP modified asphalt mixture samples.  
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Table 8. 4 Input measured fracture energy (J/m2) and recovered fracture energy (J/m2) 
for simulation model of asphalt mixture samples. 
Specimen 1st loading 2nd loading 3rd loading 4th loading 
Control No.1 382.30 213.42 101.80 87.59 
Control No.2 382.30 112.34 83.67 69.32 
Control No.3 382.30 97.24 81.23 67.58 
Flake graphite 
No.1 453.21 
324.96 244.60 211.94 
Flake graphite 
No.2 453.21 
359.03 297.32 212.50 
Flake graphite 
No.3 453.21 
372.47 245.67 203.67 
xGNP No.1 490.03 307.74 238.58 172.28 
xGNP No.2 490.03 237.03 206.58 162.50 
xGNP No.3 490.03 244.33 206.33 166.28 
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Figure 8. 7 Illustration of relation between traction and displacement on four times 
loading of control asphalt mixture sample. 
8.5 Comparison of predicted and measured fracture strength of original and 
healed beam samples 
        All the peak separation stresses and fracture energies (original and recovered) 
were inputted to the cohesive zone model to obtain the numerical CTOD-load curves. 
Figure 8.8 shows the numerical CTOD-load curves of the No.1, 2 and 3 control asphalt 
mixture samples. Additionally, the numerical CTOD-load curves of the No.1, 2 and 3 
flake graphite modified and the No.1, 2 and 3  xGNP modified asphalt mixture samples 
are displayed in Figure 8.9 and Figure 8.10. In this study, the relative difference was 
used to compare the numerical and experimental peak loads. It was defined as the 
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absolute value of experimental value subtracted by numerical value divided by 
experimental value. The relative differences of the peak loads between the 
experimental data and numerical data are recorded in Table 8.5. The average relative 
difference of the control asphalt mixture samples was 4.98 %. Similarly, the average 
relative differences of the flake graphite and the xGNP modified asphalt mixture 
samples were 8.49% and 3.88%, respectively. Since the average relative differences of 
all the asphalt mixture samples were adequately low, the finite element CZM 
simulation of original and healed beam fracture behavior with input model parameters 
can favorably predict the beam fracture strength. The relative strain ratio measured by 
DIC was reliable for predicting the recovered fracture energy of the asphalt mixture 
samples for the model simulation. 
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Table 8. 5 Relative difference (%) between experimental results and numerical results. 
Specimen 1st loading 2nd loading 3rd loading 4th loading 
Control No.1 6.89% 11.04% 3.83% 5.33% 
Control No.2 2.53% 2.55% 3.68% 1.81% 
Control No.3 8.96% 1.26% 2.84% 3.90% 
Flake graphite 
No.1 
4.28% 5.23% 6.15% 8.82% 
Flake graphite 
No.2 
9.13% 11.72% 13.82% 16.50% 
Flake graphite 
No.3 
2.71% 10.79% 7.69% 5.09% 
xGNP No.1 3.02% 5.14% 5.98% 7.65% 
xGNP No.2 1.59% 0.41% 1.86% 9.94% 
xGNP No.3 0.97% 0.61% 1.30% 8.06% 
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(c) 
Figure 8. 8 Numerical results of control asphalt mixture samples: (a) sample No.1; (b) 
sample No.2; and (c) sample No.3. 
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(c) 
Figure 8. 9 Numerical results of flake graphite modified asphalt mixture samples: (a) 
sample No.1; (b) sample No.2; and (c) sample No.3. 
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(c) 
Figure 8. 10 Numerical results of xGNP modified asphalt mixture samples: (a) sample 
No.1; (b) sample No.2; and (c) sample No.3. 
8.6 Conclusions 
        In this paper, the finite element CZM with measured or calibrated fracture energy 
and peak separation stress were used to predict the original and recovered fracture 
strength of the control, flake graphite modified and xGNP modified asphalt mixture 
samples during the cyclic fracture-light healing tests. The DIC techniques were applied 
to calculate the relative strain ratios during the fracture-light healing cycles for 
calibration of recovered fracture energy of samples. For the original beam samples, the 
measured fracture energy of the control, flake graphite modified and xGNP modified 
beams were obtained with the three-point bending tests. Both flake graphite and xGNP 
have the ability to increase the fracture energy of the asphalt mixture beam samples. 
The finite element CZM was used to simulate the beam crack propagation and original 
fracture strength under elastic-support beam bending loading. The simulation results 
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from the micromechanical beam cross-section model showed the close prediction for 
both the original fracture strength and crack propagation on the beam samples. For the 
healed beam samples, the DIC technique provides a useful approach to analyze the 
crack displacement variation of the asphalt mixture samples during the cyclic fracture-
light healing processes. The recovered fracture energies were calculated based on the 
peak separation stresses, the originally measured fracture energies and the relative 
strain ratios of the tested samples. The numerical peak loads of all the samples have a 
favorable agreement with the experimental results due to the low relative differences. 
This comparison indicates that the combined triangle-shaped finite elements and the 
user-defined cohesive zone interface elements can be used to simulate the fracture 
behavior of the asphalt mixture beam. In addition, the recovered fracture energies of 
the asphalt mixture samples can be calculated using the measured peak separation 
stress and the DIC calibrated relative strain ratios. In the future work, the other 
performance of light-healed asphalt mixture samples will be studied further to explore 
the field application.  
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CHAPTER 9 CYCLIC FRACTURE-MICROWAVE HEALING TESTS ON 
GRAPHITE MODIFIED MIXTURE DISK-SHAPED COMPACT TENSION 
(DCT) SAMPLES 
9.1 Introduction 
        Asphalt mixture has the capability to repair the pavement distresses during the 
service life, called self-healing [64]. The environmental temperature and rest periods 
both can have an impact on the healing process [33, 87]. The mechanism of the healing 
is the pavement system is input with external energy to induce the asphalt flow[141]. 
Shen et al. [12] proposed that the healing behavior was a complex process, involving 
with capillary flow, molecules wetting and intermolecular diffusion. Additionally, the 
self-healing process could be affected by the crack size and material type [11, 14, 41]. 
        Graphite was studied with asphalt materials by many researchers. Wu et al. [109] 
utilized microcrystal graphite powders to collect solar energy for heating the pavement. 
Pan et al. [111] proposed that the graphite could increase the thermal conductivity and 
diffusivity of asphalt binder. Chen et al. [110] found that graphite powder had the 
ability to increase the thermal conductivity of asphalt mixture.  
        Some scientists utilized microwave to study the asphalt mixture or the carbon 
material properties. The microwave absorption of aggregates was easier than the 
asphalt [130]. Gallego et al. used the microwave to heat the asphalt mixture with steel 
wool to improve its self-healing capability. Menendez et al. [131] proposed that the 
carbon materials were good microwave absorbers with reduction of energy 
consumption. 
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        The objective of this research is to investigate the fracture energy and microwave 
healing performance of the graphite materials modified asphalt mixture. First, the 
control, 5% flake graphite modified and 2% xGNP modified asphalt mixture samples 
were produced for the DCT machine. Then the fracture energy values of the control, 
flake graphite modified and xGNP modified asphalt mixture were measured. 
Afterwards, the cyclic fracture-microwave healing test and fracture-non microwave 
healing test were conducted to evaluate the microwave healing performance of the 
control and flake graphite modified asphalt mixture DCT samples. 
9.2 Asphalt mixture design and DCT sample preparation 
9.2.1 Asphalt mixture design 
        In this research, two types of graphite materials, flake graphite and xGNP, were 
utilized to improve the asphalt mixture properties. Three types of mixture samples were 
prepared for the test, including the control asphalt mixture, flake graphite modified 
asphalt mixture and xGNP modified asphalt mixture. The aggregates in the mixture 
came from Hancock, Michigan with an average density of 2.72 g/cm3. The asphalt 
binder was PG 58-28 with a density of 1.024 g/cm3. The asphalt amount used was 5.2% 
of the asphalt mixture by weight, determined by conducting the optimum asphalt 
content test based on the Superpave volumetric design guide. Table 9.1 shows the 
aggregate gradation of control asphalt mixture. 
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Table 9. 1 Aggregate gradation of control asphalt mixture DCT samples. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 76.4 
3/8 9.5 7.7 717.0 
No. 4 4.75 18.1 864.0 
No. 8 2.36 19 1199.0 
No. 16 1.18 10.8 899.3 
No. 30 0.6 10.6 623.0 
No. 50 0.3 12.8 634.8 
No. 100 0.15 8.3 411.4 
No. 200 0.075 2.2 135.2 
Pan powder <0.075 4.5 317.4 
 
        The flake graphite modified asphalt mixture samples were prepared by the 
aggregate gradation, shown in Table 9.2. The added flake graphite powders (5% of the 
asphalt binder by weight) were treated as fine aggregates to keep the volume consistent 
of the mixture samples. In addition, the mesh of flake graphite was 0.15 mm (75%) and 
0.075 mm (25%). Therefore, it is observed that the 2.3 g of No.100 aggregate and 0.8 g 
of No.200 aggregate are replaced by flake graphite material compared with the control 
aggregate gradation.   
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Table 9. 2 Aggregate gradation of flake graphite modified asphalt mixture DCT 
samples. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 76.4 
3/8 9.5 7.7 717.0 
No. 4 4.75 18.1 864.0 
No. 8 2.36 19 1199.0 
No. 16 1.18 10.8 899.3 
No. 30 0.6 10.6 623.0 
No. 50 0.3 12.8 634.8 
No. 100 0.15 8.3 409.1 
No. 200 0.075 2.2 134.4 
Pan powder <0.075 4.5 317.4 
 
        The xGNP powders with a surface dimension of 25 microns were another material 
added into the asphalt mixture. The amount of used xGNP was 2% of the asphalt 
binder by weight. Similarly, part of the fine aggregates, the pan powder, were replaced 
by the xGNP. Table 9.3 displays the aggregate gradation of xGNP modified asphalt 
mixture. It is seen that 1.2 g of pan powder is replaced by xGNP compared with the 
aggregate gradation of the control asphalt mixture. 
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Table 9. 3 Aggregate gradation of xGNP modified asphalt mixture DCT samples. 
Sieve number Sieve size (mm) Retained (%) Mass (g) 
1/2 12.5 6 76.4 
3/8 9.5 7.7 717.0 
No. 4 4.75 18.1 864.0 
No. 8 2.36 19 1199.0 
No. 16 1.18 10.8 899.3 
No. 30 0.6 10.6 623.0 
No. 50 0.3 12.8 634.8 
No. 100 0.15 8.3 411.4 
No. 200 0.075 2.2 135.2 
Pan powder <0.075 4.5 316.2 
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9.2.2 DCT sample preparation 
        The sample used in this research was for the disk-shaped compact tension (DCT) 
test. First, the asphalt mixture was cast in a cylinder mold based on the asphalt amount, 
graphite amount and aggregate gradation. Then the big cylinder asphalt mixture sample 
was cut to small  cylinder samples with a thickness of 50 mm. Afterwards, the  small 
cylinder sample was further cut to the particular shape that meets the specification of 
DCT test, shown in Figure 9.1. Consequently, 3 DCT samples for each type of asphalt 
mixture were used to measure the fracture energies by crack mouth opening 
displacement (CMOD) method. 3 flake graphite modified asphalt mixture DCT 
samples and three control asphalt mixture DCT sample were used to conduct the cyclic 
fracture-microwave healing tests. Another 2 control asphalt mixture samples were 
employed to do the cyclic fracture-non healing tests. Therefore, 9 control asphalt 
mixture DCT samples, 6 flake graphite modified asphalt mixture DCT samples, and 3 
xGNP modified asphalt mixture DCT samples were prepared for the whole tests.  
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Figure 9. 1 Geometry (unit: mm) of asphalt mixture DCT samples. 
9.3 Fracture-microwave healing investigation of asphalt mixture samples 
9.3.1 Accelerated microwave healing mechanism 
        The graphite materials have the ability to absorb the energy when locating in the 
microwave field. The temperature of graphite increases when absorbing the microwave 
energy. Then the heat is transferred to the asphalt binder and aggregate particles. 
During this process, the asphalt considered as temperature-dependent material behaves 
as Newtonian flow to fill the microcracks in the mixture. The crack healing process is 
regarded as a combination of gravity of liquid asphalt, the capillary flow resulted from 
surface tension force, and friction effect between the aggregates and flowing asphalt. 
The recovered strength of the asphalt mixture is mainly from the molecules diffusion 
and the rebinding of asphalt binder and aggregates. Figure 9.2 show the mechanism of 
microwave healing for asphalt mixture material.  
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Figure 9. 2 Schematic demonstration of microwave healing mechanism for graphite 
modified asphalt mixture. 
9.3.2 Determination of measured fracture energy of asphalt mixture samples 
        In this research, the fracture energy of the control, flake graphite modified and 
xGNP modified asphalt samples was determined by implementing the standard disk-
shaped compact tension test, ASTM E399 standard method. First, two knife edges were 
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glued on a DCT sample with a distance of 5 mm. Then the DCT sample was installed 
on the frictionless loading pins in a temperature controlled chamber. Figure 9.3 shows 
the experimental setup with the loading fixture, sample, clip-on gauge and crack 
detection wire. The test temperature was selected as -20 oC.  The loading pins separated 
with a speed of 0.02 mm/s while the CMOD and load were recorded. Subsequently, the 
fracture energy was determined by calculating the area under the CMOD-load curve 
divided by the cross-sectional area of the tested sample [144]. The average fracture 
energy values of each type asphalt mixture samples were calculated, including the 
control, 5% flake graphite modified and 2% xGNP modified asphalt mixture samples. 
The average fracture energy of the control asphalt mixture samples was 391.64 J/m2 
which was lower than that of the 5% flake graphite modified asphalt mixture samples 
(448.52 J/m2) and 2% xGNP modified asphalt mixture samples (496.98 J/m2). The 
average fracture energy of the 2% xGNP modified asphalt mixture samples was higher 
than the 5% flake graphite modified asphalt mixture samples. Therefore, both the 
added flake graphite and xGNP are capable of increasing the fracture energy of the 
asphalt mixture DCT samples.  
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Figure 9. 3 Demonstration of disk-shaped compact tension test of asphalt mixture 
sample. 
9.3.3 Cyclic fracture-microwave healing tests of asphalt mixture samples 
        The healing performance of the flake graphite and xGNP were investigated by the 
cyclic fracture-microwave healing tests, consisting of two parts, the sample fractured 
test and the sample microwave healed process. In the sample fractured test, the DCT 
sample was first installed on the loading pins with a testing temperature of -20 oC. 
Then the sample was pulling separately by the loading pins with a speed of 0.01 mm/s. 
Afterwards, the loading pins were stopped manually as long as the applying load 
increased to the maximum value (peak load). Meanwhile, the peak load, CMOD and 
testing time were recorded automatically. Subsequently, the fractured sample was taken 
out of the chamber for an hour until its temperature went up to the room temperature. 
In this research, three control asphalt mixture DCT samples and three 5% flake 
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graphite modified asphalt mixture DCT samples were investigated by the cyclic 
fracture-microwave healing tests. 
         In the sample microwave healed process, the fractured sample with room 
temperature was placed in a 1100 w microwave oven, heating for 2 minutes, shown in 
Figure 9.4. The samples absorbed the microwave energy to heal the crack. The surface 
temperature of the control asphalt mixture samples could go up to 90 oC compared to 
the 5% flake graphite modified asphalt mixture samples with surface temperature 
increasing to 100 oC. After that, the sample was taken out, being healed for about 30 
minutes until its temperature went down to the room temperature. Then the microwave 
healed sample was put in the temperature controlled chamber for 2 hours and installed 
on the loading pins, pulled separately again. This repeated procedure was called cyclic 
fracture-microwave healing tests. Six cycles were implemented to evaluate the 
microwave healing performance of the asphalt mixture DCT samples. 
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Figure 9. 4 Microwave healing of asphalt mixture sample. 
9.3.4 Fracture-microwave healing test results of asphalt mixture samples 
        The recovered strength (recovered peak loads) were utilized to evaluate the 
microwave healing performance of the control and flake graphite modified asphalt 
mixture samples. Table 9.4 shows the peak loads of six asphalt mixture DCT samples 
during seven cycles of fracture-microwave healing tests. Then the ratios of recovered 
strength (recovered peak loads divided by original peak loads) are listed in Table 9.5. 
Figure 9.5 shows the seven cycles of fracture-microwave healing tests results of the 
three control asphalt mixture samples. It is observed that the range of original peak 
loads is from 3.3 to 3.7 kN, reducing to the range of 1.7 kN to 2.2 kN after seven 
fracture-microwave healing cycles. The average ratio of recovered peak loads after the 
first cycle remains 83.27%, reducing to 76.57%, 66.85%, 63.07%, 60.21%, and 56.37% 
cycle by cycle. 
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Table 9. 4 Peak loads (kN) of control samples and flake graphite modified samples 
under fracture-microwave healing cycles. 
Sample 1st 
loading 
2nd 
loading 
3rd 
loading 
4th 
loading 
5th 
loading 
6th 
loading 
7th 
loading 
Control 
1 
3.538 3.214 2.949 2.752 2.471 2.261 1.981 
Control 
2 
3.647 2.802 2.623 2.306 2.263 2.261 2.193 
Control 
3 
3.314 2.722 2.467 1.973 1.9 1.813 1.756 
Flake 
graphite 
1 
3.516 2.772 2.867 2.819 2.828 2.824 2.793 
Flake 
graphite 
2 
3.537 2.969 2.671 2.569 2.547 2.511 2.422 
Flake 
graphite 
3 
3.416 2.818 2.607 2.577 2.489 2.437 2.398 
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Table 9. 5 Ratios (%) of recovered peak loads (RPL) of control samples, flake graphite 
modified samples. 
Sample  2nd 
loading 
after 1 
cycle 
3rd 
loading 
after 2 
cycles 
4th 
loading 
after 3 
cycles 
5th 
loading 
after 4 
cycles 
6th 
loading 
after 5 
cycles 
7th 
loading 
after 6 
cycles 
Control 
1 
90.84% 83.35% 77.78% 69.84% 63.91% 55.99% 
Control 
2 
76.83% 71.92% 63.23% 62.05% 62.00% 60.13% 
Control 
3 
82.14% 74.44% 59.54% 57.33% 54.71% 52.99% 
Average 
of 
control 
samples 
83.27% 76.57% 66.85% 63.07% 60.21% 56.37% 
Flake 
graphite 
1 
78.84% 81.54% 80.18% 80.43% 80.32% 79.44% 
Flake 
graphite 
2 
83.94% 75.52% 72.63% 72.01% 70.99% 68.48% 
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Flake 
graphite 
3 
82.49% 76.32% 75.44% 72.86% 71.34% 70.20% 
Average 
of 5% 
flake 
graphite 
samples 
81.76% 77.79% 76.08% 75.10% 74.22% 72.71% 
 
 
Figure 9. 5 Fracture-microwave healing test data of control asphalt mixture DCT 
samples. 
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        Figure 9.6 displays the fracture-microwave healing test results of the 5% flake 
graphite modified asphalt mixture samples. The original peak loads are in the range of 
3.4 kN to 3.6 kN, decreasing to the range of 2.3 kN to 2.8 kN at the seventh loading. 
The average ratios of the recovered peak loads decrease from 81.76%, 77.79%, 76.08%, 
75.10%, 74.22%, to 72.71% during six cycles. 
 
Figure 9. 6 Fracture-microwave healing test data of flake graphite modified asphalt 
mixture DCT samples. 
        In this study, three asphalt mixture DCT samples without flake graphite called 
non-microwave healing samples were conducted by fracture-non microwave healing 
test. These three samples had the same aggregate gradation and asphalt content 
compared with control asphalt mixture DCT samples. First, the three non-microwave 
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healing samples were fractured by the loading pins, taken out of the chamber without 
microwave healing process. After a few hours, the samples with room temperature 
were installed on the loading pins and fractured again. Table 9.6 exhibits the peak 
loads of three non-microwave healing asphalt mixture samples conducted by the 
fracture-non microwave healing test. Figure 9.7 shows the fracture-non microwave 
healing test results. The original peak loads are from 3.2 kN to 3.7 kN. Then the peaks 
loads decrease to 0.3 kN to 0.5 kN at the second loading. Therefore, the microwave 
healing process is effective to increase the recovered strength of asphalt mixture DCT 
samples.  
Table 9. 6 Peak loads (KN) of asphalt mixture samples without flake graphite under 
the cycleic fracture-non microwave healing tests. 
Sample 1st loading 2nd loading 
Non-microwave 
healing 1 
3.659 0.364 
Non-microwave 
healing 2 
3.481 0.409 
Non-microwave 
healing 3 
3.271 0.478 
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Figure 9. 7 Fracture-non microwave healing test data of asphalt mixture DCT samples 
without flake graphite. 
9.4 Summary and conclusions 
        In this research, two graphite materials, flake graphite and xGNP were added to 
the asphalt mixture. Both the flake graphite and xGNP could increase the fracture 
energy of the asphalt mixture DCT samples. In addition, the fracture-non microwave 
healing test proved that the microwave healing process is effective to increase the 
recovered strength of the asphalt mixture. Moreover, it is concluded from the cyclic 
fracture-microwave healing tests that the microwave has the ability to increase the 
temperature of asphalt mixture and graphite. The graphite could further reinforce the 
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microwave healing performance on asphalt mixture because of more absorbed 
microwave energy.   
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CHAPTER 10 SUMMARY AND CONCLUSION 
10.1 Summary 
        In this research, the materials, steel wool, carbon fiber and graphite were added to 
the asphalt to modify the properties of the asphalt binder and mixture. A series of 
performance tests were conducted to evaluate the electrical resistivity, thermal 
conductivity, viscosity, mechanical property of the modified asphalt and mixture. The 
electromagnetic energy was utilized to accelerate the self-healing process of asphalt 
binder by evaluating the recovered strength of the asphalt mixtures. 
        The asphalt mixture within steel wool fibers was investigate the self-healing 
performance of conductive asphalt materials through cyclic peak-to-peak fracture and 
induction healing tests, and to evaluate the influence of different temperatures of 
induction heating on the healing capability of dense-graded asphalt materials. The 
mastic and concrete samples were prepared by adding Type 1 steel wool fibers with an 
approximate length of 6.5 mm.  These prepared samples were then tested under 
fracture-healing cycles by using the three-point bending loading and modified three-
point bending loading tests (with an elastic foundation support) for the asphalt mastic 
and concrete beam samples, respectively. The healing performances of samples were 
evaluated with recovered peak load under fracture-healing cycles. In addition, the 
simulation model using cohesive zone theory and finite element method was adapted to 
simulate the crack path of asphalt concrete beam using digital imaging analysis. Then 
standard three-point bending test was conducted to validate the cohesive fracture model 
by comparing the experimental results with numerical simulation. Afterwards, the 
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fracture properties including the peak separation stress and fracture energy were 
proposed for fracture-healing cyclic simulation to predict the loading-displacement 
curves for different cycles. Finally, the cohesive model simulation with proposed 
fracture properties have favorable prediction on the recovered fracture strength by 
comparing the difference between the experimental and numerical results. 
        The carbon fibers modified asphalt composites were investigated with thermal 
property, electrical property and microwave healing effect of the carbon fiber modified 
asphalt mixture. First, two types of carbon fiber, HexTow IM8 and AS4 were added to 
the asphalt mixture to produce the beam samples. Then, the thermal conductivity and 
electrical resistivity of the samples were measured and calculated, respectively. 
Moreover, the cyclic fracture-microwave healing tests were implemented to evaluate 
the healing effect of the samples. 
        Two graphite modifiers, flake graphite and xGNP were added into the asphalt 
mixture material. The viscosity test, visible/near infrared light absorption test, bending 
beam rheometer test, dynamic shear rheometer test, FTIR test and thermal conductivity 
test of control asphalt and graphite modified asphalt were conducted. The performance 
tests of the graphite (5% flake graphite and 2% xGNP) modified asphalt mixture were 
conducted, including the electrical resistivity measurement, thermal conductivity 
measurement, Hamburg wheel tracking device test and dynamic modulus test. The 
light healing effect of control, 5% flake graphite modified and 2% xGNP modified 
asphalt mixture samples was investigated. The infrared images of asphalt mixture 
samples conclude that both the 5% flake graphite and 2% xGNP modified asphalt 
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mixtures could better absorb the light energy and transfer the heat from top to bottom 
than the control asphalt mixtures. The control, 5% flake graphite modified and 2% 
xGNP modified asphalt mixture samples were produced for the DCT machine. Then 
the fracture energy values of the control, flake graphite modified and xGNP modified 
asphalt mixture were measured. The cyclic fracture-microwave healing test and 
fracture-non microwave healing test were conducted to evaluate the microwave healing 
performance of the control and flake graphite modified asphalt mixture DCT samples. 
        The finite element CZM with measured or calibrated fracture energy and peak 
separation stress were used to predict the original and recovered fracture strength of the 
control, flake graphite modified and xGNP modified asphalt mixture samples during 
the cyclic fracture-light healing tests. The DIC techniques were applied to calculate the 
relative strain ratios during the fracture-light healing cycles for calibration of recovered 
fracture energy of samples. For the original beam samples, the measured fracture 
energy of the control, flake graphite modified and xGNP modified beams were 
obtained with the three-point bending tests. Both flake graphite and xGNP have the 
ability to increase the fracture energy of the asphalt mixture beam samples. The finite 
element CZM was used to simulate the beam crack propagation and original fracture 
strength under elastic-support beam bending loading. The simulation results from the 
micromechanical beam cross-section model showed the close prediction for both the 
original fracture strength and crack propagation on the beam samples. For the healed 
beam samples, the DIC technique provides a useful approach to analyze the crack 
displacement variation of the asphalt mixture samples during the cyclic fracture-light 
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healing processes. The recovered fracture energies were calculated based on the peak 
separation stresses, the originally measured fracture energies and the relative strain 
ratios of the tested samples. The numerical peak loads of all the samples have a 
favorable agreement with the experimental results due to the low relative differences. 
10.2 Conclusion 
        The induction healing performance of prepared asphalt mastic and asphalt 
concrete samples were investigated through fracture-healing test. The test data of 
asphalt mastic samples indicate that micro-cracks in the mastic samples can be 
effectively healed at the heating temperature of 60°C. The sample fracture strength was 
improved because the binder filled the notched cracks at the bottom of the samples at 
the heating temperatures of 80°C and 100°C. From the test data of asphalt concrete 
samples, it was determined that the 100°C heating temperature could be the optimum 
option for the induction healing because the recovered peak load values were higher 
than the other two temperatures after several fracture-healing cycles. Besides, the 
cohesive fracture simulation were conducted with scaled fracture energy and peak 
separation stress from experimental data to predict the recovered peak loads after each 
fracture-healing cycle. The predicted peak loads have a good agreement with the 
experimental results. The  average relative difference between the predicted peak load 
and the experimental peak load was low as 1.75%. These favorable comparison 
indicated that numerical simulation using finite element method and cohesive zone 
model is capable to predict the fracture recovered strength after fracture-healing cycles. 
This result could offer great help on highway maintenance if the field sample is 
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obtained. Then the cohesive zone model with defined crack based on the sample could 
be employed to evaluate the pavement performance and to decide the maintenance 
method. 
        The measurement results of the thermal conductivity of the carbon fibers modified 
asphalt of the samples indicated that the carbon fiber, as a modifier, could increase the 
thermal conductivity of the asphalt mixture. On the other hand, the carbon fiber has the 
ability to decrease the electrical resistivity. Finally, the results of the cyclic fracture-
microwave healing test indicated that the carbon fibers, containing IM8 and AS4, could 
increase the microwave healing effect. However, too many carbon fibers may affect the 
Newtonian flow of asphalt and the microwave healing effect could be decreased. 
        The viscosity measurement results of graphite modified asphalt samples were 
utilized to calculate the activation energy. Both flake graphite and xGNP modified 
asphalt binder could decrease the activation energy of asphalt. It is concluded that the 
graphite modified asphalt has lower energy input for healing compared with pure 
asphalt binder. The results of the visible/near infrared light absorption test show that 
the graphite materials have capability to enhance the light absorption of asphalt, 
especially the infrared light absorption of asphalt. The effect of the 5% flake graphite 
modified asphalt is better than that of the 2% xGNP modified asphalt. The graphite 
material could decrease the low temperature property of asphalt through the bending 
beam rheometer. Additionally, the complex shear moduli of graphite modified asphalt 
increase compared with the control asphalt. The aging degree of asphalt increases by 
the graphite materials as well. The results of the thermal conductivity test reveal that 
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added small portion of graphite can increase the thermal conductive property of control 
asphalt. The electrical resistivity measurement of the graphite modified asphalt mixture 
results showed that the graphite materials, as a good electrical conductor, could 
decrease the electrical resistivity of asphalt mixture. In addition, thermal conductivity 
of asphalt mixture increased with added graphite materials. The HWTD test data 
indicated that the rut depths of the graphite modified asphalt mixture decreased 
compared with the control asphalt mixture. The graphite materials could improve the 
high temperature rutting issue of the asphalt mixture. The graphite materials have the 
ability to increase the dynamic modulus of the asphalt mixture as well to improve the 
mechanical property of the pavement. The DIC analysis results of pixel displacements 
in the light healing processes indicates that the visible/infrared light is an effective way 
to heal the fractured asphalt mixture sample. The healing effect decreases with light 
healing cycles. The recovered peak loads from the cyclic fracture-light healing tests 
showed that both the 5% flake graphite and 2% xGNP modified asphalt mixtures have 
improved light healing performance compared with the control asphalt mixture. The 5% 
flake graphite modified asphalt mixtures have better healing performance than the 2% 
xGNP modified asphalt mixtures. Both the flake graphite and xGNP could increase the 
fracture energy of the asphalt mixture DCT samples. In addition, the fracture-non 
microwave healing test proved that the microwave healing process is effective to 
increase the recovered strength of the asphalt mixture. Moreover, it is concluded from 
the cyclic fracture-microwave healing tests that the microwave has the ability to 
increase the temperature of asphalt mixture and graphite. The graphite could further 
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reinforce the microwave healing performance on asphalt mixture because of more 
absorbed microwave energy.   
        The comparison of the experimental and numerical results of the graphite 
modified asphalt mixture indicates that the combined triangle-shaped finite elements 
and the user-defined cohesive zone interface elements can be used to simulate the 
fracture behavior of the asphalt mixture beam. In addition, the recovered fracture 
energies of the asphalt mixture samples can be calculated using the measured peak 
separation stress and the DIC calibrated relative strain ratios. In the future work, the 
other performance of light-healed asphalt mixture samples will be studied further to 
explore the field application.  
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